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1.0 SUMMARY

The purpose of the Apollo 11 mission was to land men on the lunar
surface and to return them safely to earth. The crew were Neil A. Arm-
strong, Commander; Michael Collins, Command Module Pilot; and Edwin E.
Aldrin, Jr., Lunar Module Pilot.

The space vehicle was launched from Kennedy Space Center, Florida,
at 8:32:00 a.m., e.s.t., July 16, 1969. The activities during earth
orbit checkout, translunar injection, transposition and docking, space-
craft ejection, and translunar coast were similar to those of Apollo 10.
Only one midcourse correction, performed at about 27 hours elapsed time,
was required during translunar coast.

The spacecraft was inserted into lunar orbit at about 76 hours, and
vhe circularization maneuver was performed two revolutions later. Initial
checkout of lunar module systems was satisfactory, and after a planned
rest period, the Commander and Lunar Module Pilot entered the lunar module
to prepare for descent.

The two spacecraft were undocked at about 100 hours, followed by
separation of the command and service modules from the lunar module.
Descent corbit insertion was performed at approximately 101-1/2 hours, and
powered descent to the lunar surface began about 1 hour later. Operation
of the guidance and descent propulsion systems was nominal. The lunar
module was maneuvered manually approximately 1100 feet downrange from the
nominal landing point during the firal 2-1/2 minutes of descent. The
spacecraft landed in the Sea of Tranquillity at 102:45:40. The landing
coordinates were O degrees 41 minutes 15 seconds north latitude and 23 de-
grees 26 minutes east longitude referenced to lunar map ORB~-II-6(100),
first edition, December 1967. During the first 2 hours on the surface,
the two crewmen performed a postlanding checkout of all lunar module sys-
tems. Afterwards, they ate their first meal on the moon and elected to
perform the surface operations earlier than planned.

Considerable time was deliberately devoted to checkout and donning
of the back-mounted portable life support and oxygen purge systems. The
Commander egressed through the forward hatch and deployed an equipment
module in the descent stage. A camera in this module provided iive tele-
vision coverage of the Commander descending the ladder to the surface,
with first contact made at 109:24:15 (9:56:15 p.m. e.s.t., July 20, 1969).
The Lunar Module Pilot egressed soon thereafter, and both crewmen used
the initial period on the surface to become acclimated to the reduced
gravity and unfamiliar surface conditions. A contingency sample was taken
from the surface, and the television camera was deployed so that most of
the lunar module was included in its view field. The crew activated the
scientific experiments, which included a solar wind detector, a passive
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seismometer, and a laser retro-reflector. The Lunar Module Pilot evalu-
ated his ability to operate and move about, and was able to translate
rapidly and with confidence. Forty-seven pounds of lunar surface material
were collected to be returned for analysis. The surface exploration was
concluded in the allotted time of 2-1/2 hours, and the crew reentered the
Junar module at 111-1/2 hours.

Ascent preparation was conducted efficiently, and the ascent stage
lifted off the surface at 124-1/L4 hours. A nominal firing of the ascent
engine placed the veaicle into a 45- by 9-mile orbit. After a rendezvous
sequence similar to that of Apollo 10, the two spacecraft were docked st
128 hours. Following transfer of the crew, the ascent stage was Jetti-
soned, and the command and service modules were prepared for transearth
injection.

The return flight started with a 150-second firing of the service
propulsicn engine during the 31st lunar revolution at 135-1/2 hours. As
in translunar flight, only one midcourse correction was required, and
passive thermal control was exercised for most of transesrth coast. In-
clement weather necessitated moving the landing point 215 miles downrange.
The entry phase was normal, and the command module landed in the Pacific
Ocean at 195-1/4 hours. The landing coordinates, as determined from the
onboard computer, were 13 degrees 19 minutes north latitude and 169 de-
grees 09 minutes west longitude.

After landing, the crew donned biological isolation garments. They
were then retrieved by helicopter and taken to the primary recovery ship,
USS Hornet. The crew and lunar material samples were placed in the
Mobile Quarantine Facility for transport to the Lunar Receiving Labora-
tory in Houston. The command module was taken sboard the Hornet about
3 hours after landing.

With the completion of Apollo 11, the national objective of landing
men cn the moon and returning them safely to earth before the end of the
decade had been accomplished.
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2.0 INTRODUCTION

The Apollo 11 mission was the eleventh in a series of flights using
Apollo flight hardware and was the first lunar landing mission of the
Apcllo Program. It was also the fifth manned flight of the command and
service modules and the third manned flight of the lunar module. The pur-

pose of the mission was to perform a manned lunar landing and return safely
to earth.

Because of the excellent performance of the entire spacecraft, only
the systems performance that significantly differed from that of previous
missions is reported. The ascent, descent, and landing portions of the

mission are reported in section 5, and the lunar surface activities are
reported in section 11.

A complete analysis of all flight data is not possible within the
time allowed for preparation of this report. Therefore, report supple-
ments will be published for the guidance and control system, propulsion,
the biomedical evaluation, the lunar surface photography, the lunar sample

analysis, and the trajectory analysis. Other supplements will be publish-
ed as need is identified.

In this report, all actual times are elapsed time from range zero,
established as the integral second before lift-off. Range zero for this
mission was 13:32:00 G.m.t., July 16, 1969. All references to mileage
distance are in nautical miles.




3.0 MISSION DESCRIPTION

The Apollo 11 mission accomplished the basic mission of the Apollo
Program; that is, to land two men on the lunar surface and return them
safely to earth. As a part of this first lunar landing, three basic
experiment packages were deployed, lunar material samples were collected,
and surface photographs were taken. Two of the experiments were a part
of the early Apollo scientific experiment package which was developed for
deployment on the lunar surface. The sequence of events and the flight
plan of the Apollo 11 mission are shown in table 3-I and figure 3-1, re-
spectively.

The Apollo 11 space vehicle was launched on July 16, 1969, at
8:32 a.m. e.s.t., as planned. The spacecraft and S-IVB were inserted
into a 100.7- by 99.2-mile earth parking orbit. After a 2-1/2-hour
checkout period, the spacecraft/S-IVB combination was injected into the
translunar phase of the mission. Trajectory parameters after the trans-
lunar injection firing were nearly perfect, with the velocity within
1.6 ft/sec of that planned. Only one of the four options for midcourse
corrections during the translunar phase was exercised. This correction
was made with the service propulsion system at approximately 26-1/2 hours
and provided a 20.9 ft/sec velocity change. During the remaining periods
of free-attitude flight, passive thermal control was used to maintain
spacecraft temperatures within desired limits. The Cormander and Lunar
Module Pilot transferred to the lunar module during the translunar phase
tc make an initial inspection and preparation. for systems checks shortly
after lunar orbit insertion.

The spacecraft was inserted into a 60- by 169.7-mile lunar orbit at
approximately T6 hours. Four hours later, the lunar orbit circulariza-
tion maneuver was performed to place the spacecraft in a 65.7- by
53.8-mile orbit. The Lunar Module Pilot entered the lunar module at
about 8l hours for initial power-up and systems checks. After the plan-
ned sleep period was completed at 93-1/2 hours, the crew donned their
suits, transferred to the lunar module, and made final preparations for
descent to the lunar surface. The lunar module was undocked on time at
about 100 hours. After the exterior of the lunar module was inspected
by the Command Module Pilot, a separation maneuver was performed with the
service module reaction control system.

The descent orbit insertion maneuver was performed with the descent
propulsion system at 101-1/2 hours. Trajectory parameters following this
maneuver were as planned, and the powered descent initiation was on time
at 102-1/2 hours. The maneuver lasted approximately 12 minutes, with
engine shutdown occurring almost simultaneously with the lunar landing
in the Sea of Tranquillity. The coordinates of the actual landing point
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were 0 degree 4l minutes 15 seconds north latitude and 23 degrees 26 min-
utes east longitude, compare< with the planned landing point of O degree
43 minites 53 seconds north latitude and 23 degrees 38 minutes 51 seconds
east longitude. These coordinates are referenced to Lunar Map ORB-II-6
(100), first edition, dated December 1967.

, A 2-hour postlanding checkout was completed, followed by a partial
power-down of the spacecraft. A crew rest period was planned to precede
the extravehicular activity to explore the lunar surface. However, the
crew elected to perform the extravehicular portion of the mission prior
to the sleep period because they were not overly tired and were adjusting
easily to the 1/6 gravity. After the crew donned their portable life sup-
port systems and completed the required checkouts, the Commander egressed
at about 109 hours. Prior to descending the ladder, the Commander deployed
the equipment module in the descent stage. The television camera located
in the module operated satisfactorily and provided live television cover-
age of the Commander's descent to the lunar surface. The Commander col-
lected the contingency lunar material samples, and approximately 20 min-

utes later, the Lunar Module Pilot egressed and dual exploration of the
luniar surface began.

During this exploration period, the television camera was deployed
and the American flag was raised on the lunar surface. The solar wind
experiment was also deployed for later retrieval. Both crewmen evalu-
ated their mobility on the lunar surface, deployed the passive seismic
and laser retro-reflector experiments, collected about 47 pounds of lunar
material, and obtained photographic documentation of their activities
and the conditions around them. The crewmen reentered the lunar module
after about 2 hours 14 minutes of exploration.

After an 8-hour rest neriod, the crew began preparations for ascent.
Lift-off from the lunar surface occurred on time at 124:22:00.8. The
spacecraft was inserted into a 48.0- by 9.4-mile orbit from which a ren-
dezvous sequence similar to that for Apollo 10 was successfully performed.

Approximately 4-1/2 hours after lunar module ascent, the command
module performed a docking meneuver, and the two spacecraft were docked.
The ascent stage was Jjettisoned in lunar orbit and the command and
service modules were prepared for transearth injection at 135-1/2 hours.

The activities during transearth coast were similar to those during
translunar fligit. The service module was separated from the command
module 15 minutes before reaching the entry interface at 400 000 feet
altitude. After an automatic entry sequence and landing system deploy-
ment, th: command module landed in the Pacific Ocean at 195-1/2 hours.

The postlanding procedures involving the primary recovery ship, USS Hornet,
included precautions to avoid back-contamination by any lunar organisms,
and the crew and samples were placed in quarantine.

AT G e e
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After reaching the Manned Spacecraft Center, the spacecratft, crew,
and samples entered the Lunar Receiving Laboratory quarantine area for
continuation of the postlanding observation and analyses. The crew and
spacecraft were released from quarantine on August 10, 1969, after no
evidence of abnormal medical reactions was observed.
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TABLE 3-I.- SEQUENCE OF EVENTS

Time,

Event .
hr:min:sec

, Range zero - 13:32:00 G.m.t., July 16, 1969

Lift-off 00:00:00.6
S-IC outboard engine cutoff 00:02:41.7
S-II engine ignition (command) 00:02:43.0
Launch escape tower jettison 00:03:17.9
S-II engine cutoff 00:09:08.3
S-IVB engine ignition (command) 00:09:12.2
S5-IVB engine cutoff 00:11:39.3
Translunar injection maneuver 02:4L:16 . 2%
Command and service module/S-IVB separation | 03:17:0L4.6
First docking 03:24:03.1
Spacecraft ejection 0k4:16:59.1
Separation maneuver (from S-IVB) 0k:L0:01.8%
First midcourse correction 26:44:58, 7%
Lunar orbit insertion T5:49:50. 4*
Lunar orbit circularization 80:11:36.6%
Undocking 100:12:00
Separation maneuver (from lunar module) 100:39:52.9%
Descent orbit insertion 101 :36:14%
Pcwered descent initiation 102:32:05.2%
Lunar landing 102:45:39.9
Egress (hatch opening) 109:07:33
Ingress (hatch closing) 111:39:13
Lunar lift-off 124:22:00.8%
Coelliptic sequence initiation 125:19:36%*
Constant differential height maneuver 126:17:49.6%
Terminal phase initiation 127:03:51.8%

*Engine ignition time.




TABLE 3-I.- SEQUENCE OF EVENTS - Concluded

3-5

Event hr:iiZ?;ec
Docking 128:03:00
Ascent stage jettison 130:09:31.2
Separation maneuver (from ascent stage) 130:30:01%
Transearth injection maneuver 135:23:42.3%
Second midcourse correction 150:29:57.4%
Command module/service module separation 194:L9:12.7
Entry interface 195:03:05.7
Landing 195:18:35

*Engine ignition time.
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4.0 PILOTS' REPORT

4.1 PRELAUNCH ACTIVITIES

All prelaunch systems operations and checks were completed on time
and without difficulty. The configuration of the environmental control
system included operation of the secondary glycol loop and provided com-
fortable cockpit temperature conditions.

4.2 LAUNCH

Lift-off occurred precisely on time with ignition accompanied by a
low rumbling noise and moderate vibration that increased significantly
at the moment of hold-down release. The vibration magnitudes decreased
appreciably at the time tower clearance was verified. The yaw, pitch,
and roll guidance-program sequences occurred as expected. No unusual
sounds or vibrations were noted while passing through the region of max-
imum dynamic pressure and the angle of attack remained near zero. The
§-I1C/s-1I staging sequence occurred smoothly and at the expected time.

The entire S-II stage flight was remarkably smooth and quiet and the
launch escape tower and boost protective cover were jettisoned normally.
The mixture ratio shift was accompanied by a noticeable acceleration
decrease. The S-II/S-IVB staging sequence occurred smoothly and aspprox-
imately a® the predicted time. The S-IVB insertion trajectory was com-
pleted without incident and the automatic guidance shutdown yielded an
insertion-orbit ephemeris, from the command module computer, of 102.1 by
103.9 miles. Communication between crew members and the Network were
excellent throughout all stages of launch.

4.3 EARTH ORBIT COAST AND TRANSLUNAR INJECTION

The insertion checklist was completed and a series of spacecraft
systems checks disclosed no abnormalities. All tests of the navigation
equipment, including alignments and drift chescks, were satisfactory.
The service module reaction control thrusters were fired in the minimum
impulse mode and verified by telemetry.

No abnormalities were noted during preparation for translunar injec-
tion. Initiation of translunar injection was accomparied by the proper

onboard indications and the S-IVB propellant tanks were repressurized on
schedule.
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The S-IVB stage reignited on time at 2:44:16 without ignition or
guidance transients. An apparent 0.5- to l.5-degree pitch-attitude error
on the attitude indicators was not confirmed by the command module com-
puter, which indicated that the attitude and attitude rate duplicated the
reference trajectory precisely (see section 8.6). The guided cutoff
yielded a velocity very close to that expected, as indicated by the on-
board computer. The entry monitor system further confirmed that the for-
ward velocity error for the translunar injection maneuver was within
3.3 ft/sec.

L.L TRANSPOSITION AND DOCKING

The digital autopilot was used for the transposition maneuver sched-
uled to begin 20 seconds after spacecraft separation from the S-IVB. The
time delay was to allow the command and service modules to drift about
T0 feet prior to thrusting back toward the S-IVB. Separation and the be-
ginning cf transposition were on time. In order to assure a pitch-up
maneuver for better visibility through the hatch window, pitch axis con-
trol was retained in a manual mode until after a pitch-up rate of approx-
imately 1 deg/sec was attained. Control was then given to the digital
autopilot to continue the combined pitch/roll maneuver. However, the
autopilot stopped pitching up at this point, and it wes necessary to re-
establish manual control (see section 8.6 for more discussion of this
subject). This cycle was repeated several times before the autopilot
continued the transposition maneuver. Consequently, additional time and
reaction control fuel (18 pounds above preflight nominal) were required,
and the spacecraft reached a maximum separation distance of at least
100 feet from the S-IVB.

The subsequent closing maneuvers were made normally under digital
autopilot control, using a 2-deg/sec rate and 0.5-degree deadband control
mode. Contact was made at an estimated 0.1 ft/sec, without side velocity,
but with a small roll misalignment. Subsequent tunnel inspection revealed
a roll index angle of 2.0 degrees and a contact mark on the drogue 4 inches
long. Lunar module extraction was normal.

4.5 TRANSLUNAR COAST

The S-IVB was targeted to achieve a translunar injection cutoff
velocity 6.5 ft/sec in excess of that required to place it on the desired
free-return trajectory. This overspeed was then cancelled by a service
propulsion correction of 20 ft/sec at 23 minutes after spacecraft ejec-
tion.

e o




4-3

Two periods of cislunar midcourse navigation, using the command
module computer program (P23), were planned and executed., The first,
at © hours, was primarily to establish the apparent horizon altitude for
optical marks in the computer. The first determination was begun at a
distance oI approximately 30 000 miles, while the second, at 24 hours,
was designed to accurately determine the optical bias errors. Excess
time and fuel were expended during the first period because of difficulty
in locating the substellar point of each star. Ground-supplied gimbal
angles were used rather than those from the onboard computer. This tech-
nigque was devised because computer solutions are unconstrained about the
optics shaft axis; therefore, the computer is unable to predict if lunar
module structure might block the line of sight to the star. The ground-
supplied angles vprevented lunar module structure from occulting the star,
but were not accurate in locating the precise substellar point, as evi-
denced Ty the fact that the sextant reticle pattern was not parallel to
the horizon. Additional maneuvers were required to achieve a purallel
reticle pattern near the point of horizon-star superposition.

The second period of navigation measurements was less difficult,
largely because the earth appeared much smaller and trim maneuvers to the
substellar point could be made much more guickly and economically.

The digital autopilot was used to initiate the passive thermal con-
trol mode at a positive roll rate of 0.3 deg/sec, with the positive lon-
gitudinal axis of the spacecraft pointed toward the ecliptic north pole
during translunar coast (the ecliptic south pole was the direction used
during transearth coast). After the roll rate was established, thruster
firing was prevented by turning off all 16 switches for the service mod-
ule thrusters. In general, this method was highly successful in that it
maintained a satisfactory spacecraft attitude for very long periods of
tine and allowed the crew to sleep without fear of either entering gimbal
Llock or encountering unacceptable thermal conditions. However, a refine-
ment to ths procedure in the form of a new computer routine is required
to make it foolproof frcm an operator's viewpoint. [Editor's note: A
new routine (routine 6L) is available for Apollo 12.] On several occa-
sions and for several different reasons, an incorrect computer-entry
procedure was used, resulting in a slight waste of reaction control pro-
pellants. Satisfactory platform alignments (program P52, opiion 3) using
the optics in the resolved mode and medium speed were possible while ro-
tating at 0.3 deg/sec.

4.6 LUNAR ORBIT INSERTION

The spacecraft was inserted into a 169.9- by 60.9-mile orbit based
on the onboard computer with a (-minute service propulsion maneuver.
Procedurally, this firing was the same as all the other service propulsion
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maneuvers, except that it was started using the bank-B propellant wvalves
instead of bank-A. The steering of the docked spacecraft was exception-
ally smooth, and the control of applied velocity change was extremely

accurate, as evidenced by the fact that residuals were only 0.1 ft/sec
in all axes.

The circularization maneuver was targeted for a 66- by Sh-mile orbit,
a change from the 60-mile circular orbit which had been executed in pre-
vious lunar flights. The firing was normally accomplished using bank-A
propellant valves only, and the onboard solution of the orbit was 66.1 by
54.4 miles. The ellipticity of this orbit was supposed to slowly dis-
appear because of irregularities in the lunar gravitational field, such
that the command module would be in a 60-mile circular orbit at the time
of rendezvous. However, the onboard estimate of the orbit during the
rendezvous was 63.2 by 56.8 miles, indicating the ellipticity decay rate
was less than expected. As a result the rendezvous maneuver solutions
differed from preflight estimates.

4.7 LUNAR MODULE CHECKOUT

Two entries were made into the lunar module prior to the final activ-
ation on the day of landing. The first entry was made at about 57 hours,
on the day before lunar orbit insertion. Television and still cameras
were used to document the hatch probe and drogue removal and initial entry
into the lunar module. The command module oxygen hoses were used to pro-
vide circulation in the lunar module cabin. A leisurely inspection period
confirmed the proper positioning of all circuit breaker and switch set-
tings and stowage items. All cameras were checked for proper operation.

4.8 DESCENT PREPARATION

4.8.1 Lunar Module

The crew was awakened according to the flight plan schedule. The
liquid cooling garment and biomedical harnesses were donned. In antici-
pation, these items had been unstowed and prepositioned the evening be-
fore. Following a hearty breakfast, the Lunar Module Pilot transferred
into the lunar module to accomplish initial activation before returning
to the command module for suiting. This staggered suiting sequence
served to expedite the final checkout and resulted in only two crew-
members in the command module during each suiting operation.




The sequence of activities was essentially the same as that Jevelored
for Apollo 10, with only minor refinements. Numerous Network sirula®ions
and training sessions, including suited operations of this missicn phase,
insured the completion of this exercise within the ailotted time. As in
all previous entries into the lunar module, the repressurization vzlve
produced a loud "bang" whenever it was positioned tc CLOSE or AUTC with
the cabin regulator off. Transfer of power from the command madule to
the lunar module and electrical power system activation were completed on
schedule.

The primary glycol loop was activated about 30 minutes early, with
a slow but immediate decrease in glycol temperature. The activation con-
tinued to progress smoothly 30 to 40 minutes ashead of schedule. With the
Commander entering the lunar module early, the Lunar Module Pilot had
more than twice the normally allotted time co don his pressure suit in
the command module.

The early powerup of the lunar module computer and inertial measure-
ment unit enabled the ground to calculate the fine gyro torquing angles
for aligning the lunar module platform to the command module platform

belore the loss of communications on the lunar far side. This early
alignment added over an hour to the planned time available for analyzing
the drift of the lunar module guidance system.

After suiting, the Lunar Module Pilot entered the lunar module, the
drogue and probe were installed, and the hatch was closed. During the
ascent-battery checkout, the variations in voltage produced a noticeable
pitch and intensity variation in the already loud noise of the glycol
pump. Suit-loop pressure integrity and cabin regulator repressurization
checks were accomplished without difficulty. Activation of the abort
guidance system produced only one minor anomaly. An illuminated portion
of ore of the data readout numerics failed, and this resulted in some
ambiguity in data readout (see section 16 2.7).

Following command module landmark tracking, the vehicle was maneu-
vered to obtain steerable antenna acquisition and state vectors were up-
linked intc the primary guidance computer. The landing gear deploymert
was evidenced by a slight jolt to the vehicle. The reaction control,
descent propulsicn, and rendezvous radar systems were activated and
checked out. Each pressurization w2s confirmed both audibly and by in-
strument readout.

The abort guidance system calibration was accomplished at the pre-
planned vehicle attitude. As the cormand and service modules maneuvered
both vehicles to the undocking attitude, a final switch and circuit bireak-
er configuration check was accomplished, followed ty donning of helmets
and gloves.




L.8.2 Command Mcdule

Activities after lunar orbit circularization were routine, with the
time being used primarily for photographs of the lunar surface. The
activation of the lunar module in prepearation for descent was, from the
viewpoint of the Command Module Pilot, a well organized and fairly lei-
surely period. During the abort guidence system calibration, the command
module was naintained at a fixed attitude for several minutes without fir-
ing thrusters. t was easy to stabilize the spacecraft with minimum im-
pulse control prior to the required period so that no thruster firings
were needed for at least 10 minutes.

The probe, drogue, and hatch all functioned perfectly, and the
cperation of closing out the tunnel, preloading the probe, and cocking
the latches was done routinely. Previous practice with installation and
removal of the probe and drogue during translunar coast was most helpful.

Two periods of orbital navigation (P22) were scheduled with the lu-
nar module attached. The [irst, at 83 hours, consisted of five marks on
the Crater Kamp in the Foaming Sea. The technique used was tou approach
tne target rrea in an inertial attitude hold mode, with the X-axis being
rouginly horizontal when the spacecratt reached an elevation angle of
35 legrees from the target, at which point a pitch down of approximately
0.3 Jeg/sec was begun. Thls technique was necessary to assure a 2-1/2
minute mark period evenly distributed near the zenitn and was performed
without difficulty.

The second navigation exercise was performed on the following day
shortly prior to separation from the lunar module. A series of five marks
was taker. on a small crater on the inner north wall of crater 130. The
previcusly iescribed technique was used, except that two forward firing
thrusters (one yaw and one pitch) were inhibited tc preclude thrust im-
pingement on “he deployed rendezvous-radar and steerable antennas. The
reduced pitch authority doubled the time required, to approximately

dowir rine, In both cases, the pitch rate was achi:2ved without reference
to uny cnboard rate instrumentation by simply timing the duration of
acreeretion-ccmriend hend controller inputs, since the Cormand Module

Filil was in tne l.wer equipment bay at the time,

2o prevent the two venicles from slipping and hence upsetting the
1z2621 lunar module platform alignment, roll thruster firings were in-
ninited at.er prote preload until the turnel had been vented tc¢ approxi-
nrtely 1opsi. nly single roll jet authority was used after the 1 psi
roint was reached and until the tunnel pressure was zero.




4.9 UNDOCKING AND SEPARATION

Particular care was exercised in the operation of both vehicles
throughout the undocking and separation sequences to insure that the lu-
nar module guidance computer maintained an accurate knowledge of position
and velocity.

The undocking action imparted a velocity to the lunar module of
0.4 ft/sec, as measured by the lunar module primary guidance system. The
abort guidance system disagreed with the primary system by approximately
0.2 ft/sec, which is well within the preflight limit. The velocity was
nulled, assuming the primary system to be correct. The command module
undocking velocity was maintained until reaching the desired inspection
distance of 40 feet, where it was visually nulled with respect to the
lunar module.

A visual inspection by the Command Module Pilot during a lunar module
360-degree yaw maneuver confirmed proper landing gear extension. The
lunar module maintained position with respect to the command module at
relative rates believed to be less than 0.1 ft/sec. The 2.5-ft/sec, radi-
ally downward separation maneuver was performed with the command and serv-
ice modules at 100 hours to enter the planned equiperiod separation orbit.

4.10 LUNAR MODULE DESCENT

The first optical alignment of the inertial platform in preparation
for descent orbit insertion was accomplished shortly after entering dark-
ness following separation. The torquing angles were approximately 0.3 de-
gree, indicating an error in the docked alignment or some platform drift.
A rendezvous radar lock was achieved manually, and the radar boresight
coincided with that of the crew optical sight, Radar range was substan-
tiated by the VHF ranging in the command module.

4.10.1 Descent Orbit Insertion

The descent orbit insertion maneuver was performed with the descent
engine in the manual throttle configuration. Ignition at the minimum
throttle setting was smooth, with no noise or sensation of acceleration.
After 15 seconds, the thrust level was advanced to 4O percent, as planned.
Throttle response was smooth and free of oscillations. The guided cutoff
left residuals of less than 1 ft/sec in each axis, The X- and Z-axis
residuals were reduced to zero using the reaction control system. The
computer-determined ephemeris was 9.1 by 57.2 miles, as compared with the
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predicted value of 8.5 by 57.2 miles. The abort guidance system con-
firmed that the magnitude of the maneuver was correct. An additional eval-
uation was performed using the rendezvous radar to check the relative ve-
locity between the two sracecraft at 6 and 7 minutes subsequeat to the

maneuver. These values corresponded to the predicted data within 0.5 ft/
sec.

4.10.2 Alignment and Navigation Checks

Just prior to powered descent, the angle between the line of sight
to the sun and a selected axis of the inertial platform was compared with
the onboard computer prediction of that angle and this provided a check
on inertial platform drift. Three such measurements were all within the
specified tolerance, but the 0.08-degree spread between them was somewhat
larger than expected.

Visual checks of downrange and crossrange position indicated that
ignition for the powered descent firing would occur at approximately the
correct location over the lunar surface. Based on measurements of the
line-of-sight rate of landmarks, the estimates of altitudes converged on
a predicted altitude at ignition of 52 000 feet above the surface. Thase
measurements were slightly degraded because of a 10- to 15-degree yaw bias
maintained to improve communications margins.

4L.10.3 Powered Descent

Ignition for powered descent occurred on time at the minimum thrust
level, and the engine was automatically advanced to the fixed throttle
point (maximum thrust) after 26 seconds. Visual position checks indi-
cated the spacecraft was 2 or 3 seconds early over a known landmark, but
with very little crossrange error. A yaw maneuver to a face-up position
was initiated at an altitude of about 45 900 feet approximately 4 minutes
after ignition. The landing radar began receiving altitude data immedi-
ately. The altitude difference, as displayed from the radar and the com-
puter, was approximately 2800 feet.

At 5 minutes 16 seconds after ignition, the first of a series of
computer alerms indicated a computer overload condition. These alarms
ccntinuet intermittently for more than 4 minutes, and although continua-
tion of tne trajectory was permissible, monitoring of the computer infor-
mation display was occasionally precluded (see section 16.2.5).

Attitude thruster firings were heard during each major attitude
maneuver and intermittently at other times. Thrust reduction of the
descent propulsion system occurred nearly on time (planned at 6 minutes
2L seconds after ignition), contributing to the prediction that the




landing would probably be downrange of the intended point, inasmuch as
the computer had not been corrected for the observed downrange error.

The transfer to the final-approach-phase program (P6L) occurred at
the predicted time. After the pitch maneuver and the radar antenna posi-
tion change, the control system was transferred from automatic to the
attitude hold mode and control response checked in pitch and roll. Auto-
matic control was restored after zeroing the pitch and yaw errors.

After it became clear that an automatic descent would terminate in a
boulder field surrounding a large sharp-rimmed crater, manual control was
again assumed, and the range was extended to avoid the unsatisfactory land-
ing area. The rate-of-descent mode of throttle control (program P66) was
entered in the computer to reduce altitude rate so as to maintain suffi-
cient height for landing-site surveillance.

Both the downrange and crossrange positions were adjusted to permit
final descent in a small relatively level area bounded by a boulder field
to the north and sizeable craters to the east and south. Surface obscura-
tion caused by blowing dust was upparent at 100 feet and became increas-
ingly severe as the agltitude decreased. Although visual determination of
horizontal velocity, attitude, and altitude rate were degraded, cues for
these variables were adequate for landing. Landing conditions are esti-
mated to have been 1 or 2 ft/sec left, O ft/sec forward, and 1 ft/sec
down; no evidence of vehicle instability at landing was observed.

4.11 COMMAND MODULE SOLO ACTIVITIES

The Command Module Pilot consolidated all known documentation re-
quirements for a single volume, known as the Command Module Pilot Solo
Book, which was very useful and took the place of a flight plan, rendez-
vous book, updates book, contingency extravehicular checklist, and so
forth. This book was normally anchored to the Command Module Pilot by
a clip attached to the end of his helmet tie-down strap. The sleep period
vas timed to coincide with that of the iunar module crew so that radio
siience could be observed. The Command Module Pilot had complete trust
in the various systems experts on duty in the Mission Control Center and
therefore was able to sleep soundly.

The method used for target acquisition (program P22) while the lunar
module was on the surface varied considerably from the docked case. The
optical alignment sight reticle was placed on the horizon image, and the
resulting spacecraft attitude was maintained at the orbital rate manually
in the minimum impulse control mode. Once stabilized, the vehicle main-
tained this attitude long enough to allow the Command Module Pilot to
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move to the lower equipment bay and take marks. He could also move from
the equipment bay to the hatch window in a few seconds to cross-check
attitude. This method of operation in general was very satisfactory.

Despite the fact that the Command Module Pilot had several uninter-
rupted minutes each time he passed over the lunar module, he could never
see the spacecraft on the surface. He was able to scan an area of approx-
imately i square mile on each pass, and ground estimates of lunar module
position varied by several miles from pass to pass. It is doubtful that
the Command Module Pilot was ever looking precisely at the lunar module
and more likely was observing an adjacent area. Although it was not pos-
sible to assess the ability to see the lunar module from 60 miles, it was
apparent there were no flashes of specular light with which to attract
his attention.

The visibility through the sextant was good enough to allow the
Command Module Pilot to acquire the lunar module (in flight) at distances
of over 100 miles. However, the junar module was lost in the sextant
field of view just prior to powered descent iritiation (120-mile range)
and was not regained until after ascent insertion (at an approximate range
of 250 miles), when it appeared as a blinking light in the night sky.

In general, more than enough time was available to monitor systems
and perform all necessary functions in & leisurely fashion, except during
the rendezvcus phase. During that 3-hour period when hundreds of computer
entries, as well as numerous marks and other manual operations, were re-=
quired, the Command Module Pilot had little time to devote to analyzing
any off-nominal rendezvous +rends as they developed or to cope with any
systems malfunctions. Fortunately, no additional attention to these de-
tails was required.

4.12 LUNAR SURFACE OPERATIONS

L.12.1 Postlanding Checkout

The postlanding checklist was completed as planned. Venting of the
descent oxidizer tanks was begun almost immediately. When oxidizer pres-
sure was vented to between 40 and SO psi, fuel was vented to the same
pressure level. Appareuntly, the pressure indications received on the
ground were somevwhat higher and were increasing with time (see section
16.2.2). At ground request, the valves were reopened and the tanks vented
to 15 psi.




Platform alignment and preparation for early lift-off were completed
on schedule without significant problems. The mission timer malfunctioned
and displayed an impossitle number that could not be corielated with any
specific failure time. After several unsuccessful attempts to recycle
this timer, it was turned off for 11 hours to cool. The timer was turned
on for ascent and it operated properly and performed satisfactorily for
the remainder of the missicn (see section 16.2.1).

4.12.2 Egress Preparation

The crew had given considerable thought to “he advantage of regin-
ning the extravehicular activity as soon as possible after landing instead
of following the flight plan schedule of having the surface operaticns be-
tween two rest periods. The initial rest period was planned to allow
flexibility in the event of unexpected difficulty with postlanding activ-
ities. These difficulties did not materialize, the crew were not overly
tired, and no problem was experienced in adjusting to the 1/6-g environ-
ment. Based on these facts, the decision was made at 10L:40:00 to pro-
ceed with the extravehicular activity prior to the first rest period.

Preparation for extravehicular activity began at 106:11:00. The es-
timate of the preparation time proved to be optimistic. 1In simulations,
2 hours had been found to be & reasonable allocation; however, everything
had also been laid out in an orderly manner in the cockpit, and only those
items involved in the extravehicular activity were present. In fact,
there were checklists, food packets, monoculars, and other miscellaneous
items that interfered with an orderly preparation. All these items re-
quired some thought as to their possible interference or use in the extra-
vehicular activity. This interference resulted in exceeding the timeline
estimate by a considerable amount. Preparation for egress was conducted
slowly, carefully, and deliberately, and future missions should be plan-
ned and conducted with the same philosophy. The extravehicular activity
preparation checklist was adequate and was closely followed. However,
minor items that required a decision in real time or had not been con-
sidered before filight required more time than anticipated.

An electrical connector on the cable that connects the remote con-
trol unit to the portable life support system gave some trouble in mating
(see section 16.3.2). This problem had bLeen occasionally encountered
using the same equipment before flight. At least 10 minutes were required
to connect each unit, and at one point it was thought the connection
would not be successfully completed.

Considerable difficulty was experienced with voice communications
when the extravehicular transceivers were used inside the lunar module.
At times communications were good but at other times were garbled on the

ﬁi@‘»& ™ o




L-12

ground for no obvious reason. Outside the vehicle, there were no appreci-
able communication prcblems. Upon ingress from the surface, these diffi-
culties recurred, but under different conditions. That is, the voice
dropouts to the ground were not repeatable in the same manner.

Depressurization of the lunar module was one aspect of the mission
that had never been completely performed on the ground. In the various
altitude cheamber tests of the spacecraft and the extravehicular mobility
unit, a complete set of authentic conditions was never present. Tre de-
pressurization of the lunar module through the bacteria filter took much
longer than had been anticipated. The indicated cabin pressure did not
go below 0.1 psi, and some concern was experienced in opening the forward
hatch against this residual pressure. The hatch appeared to bend on ini-
tial opening, and small particles appeared to be blown out around the
hatch when the seal was broken (see section 16.2.6).

4.12.3 Lunar Module Egress

Simulation work in both the water immersion facility and ‘he 1/6-g
environment in an airplane was reasonably accurate in preparing the crew
for lunar module egress. Body positioning and arching-the-back techniques
that were required to exit the hatch were performed, and no unexpected
problems were experienced. The forward platform was more than adequate
to allow changing the body position from that used in egressing the hatch
to that required ror getting on tne ladder. The first ladder step was
somewhat difficult to see and required caution and forethought. In gen-
eral, the hatch, porch, and ladder operation was not particularly diffi-
cult and caused little concern. Operations on the platform could be
performed witnout losing body balance, and there was adequate room for
maneuvering.

The initial operation of the lunar squipment conveyor in lowering
the camera was satisfactory, but after the straps had become covered with
lunar surface material, a problem arose in transporting the equipment back
into the lunar module. Dust from this equirment fell back onto the lower
crewmember and into the cabin and seemed to bind the conveyor so as to
require considerable force to operate it. Alternatives in transporting
equipment into the lunar module had been suggested before flight, and
although there was no opportunity to evaluuate these techniques, it is
believed they might be an improvement over the conveyor.
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4.12.4 Surface Exploration

Work in the 1/6-g environment was a pleasant experience. Adaptation
to movement was not difficult and seemed to be quite natural. Certain
specific peculiarities, such as the effect of the mass versus the lack of

traction, can be anticipated but complete familiarization need not be
pursued.

The most effective means of walking seemed to be the lope that
evolved naturally. The fact that both feet were occasionally off the
ground at the same time, plus the fact that the feet did not return to
the surface as rapidly as on earth, required some anticipation before at-
tempting to stop. Although movement was not difficult, there was notice-
able resistance provided by the suit.

On future flights, crewmembers may want to consider kneeling in order
to work with their hands. Getting to and from the kneeling position would
be no problem, and being able to do more work with the hands would increase
the productive capability.

Photography with the Hasselblad cameras on the remote control unit
mounts produced no problems. The first panorama was taken while the
camera was hand-held; however, it was much easier to operate on the mount.
The handle on the camera was adequate, and very few pictures were trig-
gered inadvertently.

The solar wind experiment was easily deployed. As with the other
operations involving lunar surface penetration, it was only possible to
penetrate the lunar surface material about L or 5 inches. The experiment
mount was not quite as stable as desired, but it stayed erect.

The television system presented no difficulties except that the cord
was continually getting in the way. At first, the white cord showed up
well, but it soon became covered with dust and was therefore more diffi-
cult to see. The cable had & "set" from being coiled around the reel and
would not lie completely flat on the surface. Even when it was flat,
however, a foot could still slide under, and the Commander became en-
tangled several times (see section 16.3.1).

Collecting the bulk sample required more time than anticipated be-
cause the modular equipment stowage assembly table was in deep shadow,
and collecting samples in that ares was far less desirable than taking
those in the sunlight. It was also desirable to take samples as far from
the exhaust plume and propellant contamination as possible. An attempt
was made to include a hard rock in each sample, and a total of about
twenty trips were required to fill the box. As in simulations, the dif-
ficulty of scooping up the material without throwing it out as the scoop
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became free created some problem. It was almost impossible to collect a

full scoop of material, and the task required about double the planned
time.

Several of the operations would have been easier in sunlight. Al-
though it was possible to see in the shadows, time must be allowed for
dark adaptation when walking from the sunlight into shadow. On future
missions, it would be advantageous to conduct a yaw maneuver just prior
to landing so that the descent stage work area is in sunlight.

The scientific experiment package was easy to deploy manually, and
some time was saved here. The package was easy to manage, but finding
a level area was quite difficult. A good horizon reference was not avail-
able, and in the 1/6-g environment, physical cues were not as effective
as in one-g. Therefore, the selection of a deployment site for the exper-
iments caused some problems. The experiments were placed in an area be-
tween shallow craters in surface material of the same consistency as the
surrounding area and which should be stable. Considerable effort was
required to change the slope of one of the experiments. It was not pos-
sible to lower the equipment by merely forcing it down, and it was nec-

essary to move the experiment back and forth to scrape away the excess
surface material.

No abnormal conditions were noted during the lunar module inspection.
The insulation on the secondary struts had been damaged from the heat,
but the primary struts were only singed or covered with socot. There was
much less damage than on the examples that had been seen before flight,

Obtaining the core tube samples presented some difficulty. It was
impossible to force the tube more than 4 or 5 inches into the surface ma-
terial, yet the material provided insufficient resistance to hold the ex-
tension handle in the upright position. Since the handle had to be held
upright, this precluded using both hands on the hammer. In addition, the
resistance of the suit made it difficult to steady the core tube and still
swing with any great force. The hammer actually missed several times.
Sufficient force was obtained to make dents in the handle, but the tube
could only be driven to a depth of about 6 inches. Extraction offered
little or virtually no resistance. Two samples were tsaken,

Insufficient time remained to take the documented sample, although
as wide a variety of rocks was selected as remaining time permitted.

The performance of the extravehicular mobility unit was excellent.
Neither crewman felt any thermal discomfort. The Commander used the mini-
mum cooling mode for most of the surface operation. The Lunar Module
Pilot switched to the maximum diverter valve position immediately after
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sublimator startup and operated at maximum position for 42 minutes before
switching to the intermediate position. The switch remained in the inter-
mediate position for the duration of the extravehicular activity. The
thermal effect of shadowed areas versus those areas in sunlight was not
detectable inside the suit.

The crewmen were kept physically cool and comfortable and the ease
of performing in the 1/6-g environment indicate that tasks requiring
greater physical exertion may be undertaken on future flights. The Com-
mander experienced some physical exertion while transporting the sample
return container to the lunar module, but his physical 1limit had not been
approached.

4,12.5 Lunar Module Ingress

Ingress to the lunar module produced no problems. The capability
to do a vertical jump was used to an advantage in making the first step
up the ladder. By doing a deep knee bend, then springing up the ladder,
the Commander was able to guide his feet to the third step. Movements
in the 1/6-g environment were slow enough to allow deliberate foot place-
ment after the jump. The ladder was a bit slippery from the powdery sur-
face material, but not dangerously so.

ks previously stated, mobility on the platform was adequate for
developing alternate methods of transferring equipment from the surface.
The hatch opened easily, and the ingress technique developed before
flight was satisfactory. A concerted effort to arch the back was required
when about half way through the hatch, to keep the forward end of the port-
able life support system low enough to clear the hatch. There was very
little exertion associated with transition to a standing position.

Because of the bulk of the extravehicular mobility unit, caution had
to be exercised to avoid bumping into switches, circuit breakers, and
other controls while moving around the cockpit. One circuit breaker was
in fact broken as a result of contact (see section 16.2.11).

Equipment jettison was performed as planned, and the time taken before
flight in determining the items not required for lift-off was well spent.
Considerable weight reduction and increase in space was realized. Dis-
carding the equipment through the hatch was not difficult, and only one
item remained on the platform. The post-ingress checklist procedures were
performed without difficulty; the checklist was well planned and was fol-
lowed precisely.
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4.12.6 Lunar Rest Period

The rest period was almost a complete loss. The helmet and gloves
were worn to relieve any subconcious anxiety about a loss of cabin pres-
sure and presented no problem. But noise, lighting, and a lower-than-
desired temperature were annoying. It was uncomfortably cool in the suits,
even with water-flow disconnected. Oxygen flow was finally cut off, and
the helmets were removed, but the noise from the glycol pumps was then
loud encugh to interrupt sleep. The window shades did not completely
block out light, and the cabin was illuminated by a combination of light
through the shades, warning lights, and display lighting. The Commander
was resting on the ascent engine cover and was bothered by the light enter-
ing through the telescope. The Lunar Module Pilot estimated he slept fit-
fully for perhaps 2 hours and the Commander did not sleep at all, even
though body positioning was not a problem. DBDecause of the reduced gravity,

the positions on the floor and on the engine cover were both quite comfort-
able.

4.13 LAUNCH PREPARATION

Aligning the platform before lift-off was complicated by the limited
number of stars available. Because of sun and earth interference, only
two detents effectively remained from which to select stars. Accuracy is
greater for stars close to the center of the field, but none were avail-
able at this locrtion. A gravity/one-star alignment was successfully per-
formed. A manual averaging technique was used to sample five successive
cursor readings and then five spiral readings. The result was then enter-
ed into the computer. This technique appeared to be easier than taking
and entering five separate readings. Torquirg angles were close to
0.7 degree in all three axes and indicated that the platform did drift.
(Editor's note: Platform drift was within specification limits.)

After the alignment, the navigation program was entered. It is
recommended that future crews update the abort guidance system with the
primary guidance state vector at this point and then use the abort guid-
ance system to determine the command module location. The primary guid-
ance system cannot be used to determine the command module range and range
rate, and the radar will not lock on until the command module is within

400 miles range. The abort guidance system provides good data as this
range is approached.

A cold-Tire reaction control system check and abort guidance system
calibration were performed, and the ascent pad was taken. About 45 min-
utes pricr to lift-off, another platform alignment was performed. The
landing site alignment option at ignition was used for lift-off. The
torquing angles for this alignment were on the order of 0.09 degree.
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In accordance with ground instructions, the rendezvous radar was
placed in the antenna SLEW position with the circuit breakers off for
ascent to avoid recurrence of the alarms experienced during descent.

Both crewmembers had forgotten the smasll helium pressure decrease
indication that the Apollo 10 crew experienced when the ascent tanks
were pressurized and the crew initially believed that only one tank had
pressurized. This oversight was temporary and delsyed crew verification
of proper pressurization of both tanks.

L,14 ASCENT

The pyrotechnic noises at descent stage separation were quite loud,
but ascent-engine ignition was inaudible. The Yaw and pitch maneuvers
were very smooth. The pitch- and roll-attitude limit cycles were as ex-
pected and were not accompanied by any physiological difficulties. Both
the primary and abort guidance systems indicated the ascent to be a dupli-
cate of the planned trajectory. The guided cutoff yielded residuals of
less than 2 ft/sec; and the inplene components were nulled to within
0.1 ft/sec with the reaction control system. Throughout the trajectory,
the ground track could be visually verified, although a pitch attitude
confirmation by use of the horizon in the overhead window was found to
be quite difficult because of the horizon lighting condition.

L.15 RENDEZVOUS

At orbital insertion, the primary guidance system showed an orbit of
47.3 by 9.5 miles, as compared tc the abort guidance system solution of
46.6 by 9.5 miles. Since radar range-rate data were not available, the
Network quickly confirmed that tre orbital insertion was satisfactory.

In the preflight planning, stars had been chosen that would be in
the field of view and require a minimum amount of maneuvering to get
through alignment ard back in plane. This maintenance of a nearly fixed
attitude would permit the radar to be turned on and the acquisition con-
ditions designated so that marks for a coelliptic sequence initiation
solution would be immediately available. For some reason during the sim-
ulations, these preselected stars had not been correctly located relative
to the horizon, and some time and fuel were wasted in first maneuvering
to these stars, failing to mark on them, and then maneuvering to an alter-
nate pair. Even with these problems, the alignment was finished about
28 minutes before coelliptic sequence initiation, and it was possible .5
proceed with radar lock-on.
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All four sources for the coelliptic sequence initiation solution
agreed to within 0.2 ft/s2c, an accuracy that had never been observed

before. ‘lhe Commander elected to use the primary guidance solution with-
out any out-of-plane <hrusting.

The coelliptic sequence initiation meneuver was accomplished using
the plus Z thrusters, and radar lcck-on was maintained throughout the
firing. Continued navigation tracking by both vehicles indicated a plane
change maneuver of about 2-1/2 ft/sec, but the crew elected to defer this
small correction until terminal phase initiation. The very small out-of-
plane velocities that existed between the spacecraft orbits indicated a
highly accurate lunar surface alignment. As a result of the higher-than-
expected ellipticity of the command module orbit, backup chart soiutions
were not possible for the first two rendezvous maneuvers, and the con-
stant differential height maneuver hai a higher-than-expected vertical
component. The computers in both spacecraft agreed closely on the ma-
neuver values, and the lunar module primary guidance computer solution
was executed, using the minus X thrusters.

During the coelliptic phase, radar tracking data were inserted into
the abort guidance system to obtein an independent intercept guidance
solution. The primary guidance solution was 6-1/2 minutes later than
planned. rowever, the intercept trajectory was quite nominal, with only
two small midcourse corrections of 1.0 and 1.5 ft/sec. The line-of=-

sight rates wcre low, and the planned braking schedule was used to reach
a station-keepin; position.

In the process of mancuvering the lunar module to the docking atti-
tude, while at the same time avoiding diirect sunlight in the forward win-
dows, the platform inadvertently reached gimpal lock. The docking was
completed using the atort guidance system Ior attitude control.

L,16 COMMAND M.DULE DOCKING

Pre-~docking activities in the command mcdule were normal in all
respzc*s, as was docking up to the point of prote capture. After the
Command Module Pilot ascertained that a successful capture had occurred,
as indicated by "barberpole" indicators, the CMC-FREE switch position
was used and one retract bottle fired. A right yaw excursion of approx-
imately 15 degrees immediately took place for 1 or 2 seconds. The
Command Module Pilot went back to (MC-AUTD and made hand-controller in-
puts to reduce the angle between the two vehi:les to zero. At docking
thrurter firings occurred unexpectedly in the lurar module when the
retract mechanism was actuated, and attit ‘1e excursicns of up to 15 de- :
grees were observed. The lunar module was manually realigned. While /
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this maneuver was in progress, all twelve docking latches fired and
docking was completed successfully. (See section 8.6.1 for further dis-
cussion.)

Following docking, the tunnel was cleared and the probe and drogue
were stowed in the lunar module, The items to be transferred to the
command module were cleaned using a vacuum brush attached to the lunar
module suit return hose. The suction was low and made the process
rather tedious. The sample return containers and film magazines were
placed in appropriate bags to complete the transter, and the lunar
module was configured for Jettiscn according to the checklist procedure.

4L.17T TRANSEARTH INJECTION

The time between docking and transearth injection was more than
adequate to clean all equipment contaminated with lunar surface material
and return it to the command module for stowage so that the necessary
preparations for transearth injection could be made. The transearth in-
Jection maneuver, the last service propulsion engine firing of the flight,
was nominal. The only difference between it and previous firings was
that without the docked lunar module the start transient was apparent.

L,18 TRANSEARTH COAST

During transeartn coast, faint spots or scintillations of ligh%t were
observed within the command module cabin. This phenomonon became apparent
to the Commander and Lunar Module Pilot a{ter they became dark-adapted and
relaxed. [Editor's note: The source or cause of the light scintillations
is as yet unknown. One explanation involves primary cosmic rays, with
energies ir. the range of billions of electron volts, bombarding an object
in outer space. The theory assumes that numerous heavy and high-energy
cosmic particles penetrate the command module structure, causing heavy
ionization inside the spacecraft, When liberated electrons recombine
with ions, photons in the visible portion of the spectrum are emitted,

If a sufficient number of photons are emitted, a dark-adapted observer
could detect the photons as a small spot or a streak of light. Two simple
laboratcry experiments were conducted to substantiate the theory, but no
positive results were obtalned in a 5-psi pressure environment because a
high enough energy source was not available to create the radiation at
that pressure, This level of radiatfon does not present a crew hazard.)




Jnly one midcourse correction, a reaction control system firing of
L.8 ft/sec, was required during transearth coast. In general, the trans-
earth coest period was characterized by a general relaxation on the part
of the crew, with plenty of time available to sample the excellent variety
of food packets and to take photographs of the shrinking moon and the
growing earth.

L,19 ENTRY

Because of the presence of thunderstorms in the primary recovery
grea (12385 miles downrange from the entry interface of 400 000 feet),
the targeted landing point was moved to a range of 1500 miles from entry
interface. This change required the use of computer program P65 (skip-
up control routine) in the computer, in addition to those programs used
for the planned shorter range entry. This change caused the crew some
apprehension, since such entries had rarely been practiced in preflight
simulations. However, during the entry, these parameterc remained within
acceptable limits., The entry was guided automatically and #as nominal in

all respects. The first acceleration pulse reached approximately 6.5g
and the second ©.0g.

4,20 RECOVERY

o tne landing, the 13-knot surface wind filled the parachutes and
immediately rotated the command module {nto the apex down (stable II)
flotation position prior to parachute release, Moderate wave-induced
oscillations accelerated the uprighting sequence, which was completed in
less than 8 minutes. lNo difficulties were encountered in completing the
pcatlanding ~hecklist,

The biological isolation garments were donned Inside the spacecraft.
Crew trunsfe: into the raft was followed by hatch closure and by decon-
“amination of the spacecraft and crew members by germicidal scrubdown.

Helicopter pickup wes jerformed as planned, bu* visibility was sub-
stantially degraded because of moisture condensaticn on the biological
i{solation garment faceplate, The helicopter transfer to the aircraft
carrier was performed as quickly as could be expected, but the tempera-
ture increase insfde the suit was uncomfortable. Transfer from the heli-

copter into +he mobile juarantine facility completed the voyage of
Apclls 11,
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5.0 LUNAR DESCENT AND ASCENT

5.1 DESCENT TRAJECTORY LOGIC

The lunar descent trajectory, shown in figure 5-1, began with a
descent orbit insertion maneuver targeted to place the spacecraft into
a 60- by 8.2-mile orbit, with the pericynthion longitude located about
260 miles uprange from the landing site. Powered descent, shown in
figure 5-2, was initiated at pericynthion and continued down to landing.

The powered descent trajectory was designed considering such factors
as optimum propellant usage, navigation uncertainties, landing radar per-
formance, terrain uncertainties, and crew visibility restrictions. The
basic premise during trajectory design was to maintain near-optimum use
of propellant during initial braking and to provide a standard final
approach from which the landing area can te assessed and a desirable
landing location selected. The onboard guidance capability allows the
crew to re-designate the desired landing position in the computer for
automatic execution or, if late in the trajectory, to take over manually
and fly the lunar module to the desired point. To provide these descent
characteristics, compatibility between the automatic and manually con-
trolled trajectories was required, as well as acceptable flying quality
under manual control. Because of guidance dispersions, site-selection
uncertainties, visibility restriction, and undefined surface irregulari-
ties, adequate flexibility in the terminal-approach technique was pro-

vided the crew, with the principal limitation being descent propellant
quantity.

The major phases of powered descent are the braking phase (which
terminates at 7700 feet altitude), the approach or visibility phase (to
approximately 500 feet altitude), and the final landing phase. Three
separate computer programs, one for each phase, in the primary guidance
system execute the desired trajectory such that the various position,
velocity, acceleration, and visibility constraints are satisfied. These
programs provide an automatic guidance and control capability for the
lunar module from powered descent initiation to landinz. The braking
phase program (P63) is initiated at approximately 4O minutes before de-
scent engine ignition and controls the lunar module until the final ap-

proach phase program (P6L) i{s automatically entered to provide trajectory
conditions and landing site visibility,

If desired during a nominal descent, the crew may select the manual
landing phas2 program (P66) prior to the completion of final approach
phase program P64. If the manual landing phase program P66 is not entered,
the automatic landing program (P65) would te entered automatically when




time-to-go equals 12 seconds at an altitude of about 150 feet, The auto-
matic landing phase program Pc5 initiates an automatic descent by nulling
the horizontal velocity relative to the surface and maintaining the rate
of Jescent at 3 ft/sec. The manual landing phase Pud is initiated when
the crew changes the position of the primary guidance mode control switch
rrom automatic to attitude-hold and then actuates the rate-of-descent con-
trol switch, Vehicle attitude changes are then controlled manually by the
crew, the descent engine throttle is under computer control, and the Com-
mander can introduce l-ft/sec increments in the descent rate using the
rate-of-descent switch.

Throughout the descent, maximum use was made onboard, as well as on
the ground, of all data, system responses, and cues, based on vehicle
position with respect to designated lunar features, to assure prcper
operation of the onboard systems. The two onboard guidance systems prc-
vided the crew with a continuous check of selected navigation parameters.
“omparisons were made on the ground between data from each of the onboard
systems and comparable information derived from tracking data. A powered
Tlight processor was used to simultaneously reduce Doppler tracking data
‘rom three or more ground stations and calculate the required parameters.
A filtering technique was used to compute corrections to the Doppler
tracking data and thereby define an accurate vehicle state vector, The
srourd data were used as a voting source in case of a slow divergence be-
tween the two onboard systems.

5.2 PREPARATION FOR POWERED DESCENT

“he crew entered and began activation of the lunar module following
the first sleep period {n lunar orbit (see section L.8). A listing of
significant events for lunar module descent is presented in table 5-I,

Undocking was accomplished on schedule Jjust prior to acquisition of
signal on lunar revolution 13, After the lunar module inspection by the
Comsiand Module Pilot, a separation maneuver was performed ty the command
and service modules, and 20 minutes later, the rendezvous radar and VHF
ranging outputs were compared. The two systems agreed and indicated
J.7T-mile in range. The i{nertial measurement uni* was aligned optically
for tne €irst time, and the resulting gyro torquing -ngles were well with-
in the platform drift criteria for a satisfactory priuary system. Descent
orbit insertion was performed on time approximately 8 minutes after loss
of lintwork line-of-sight. Table 5-II contains the trajectory information
on descent orbit insertion, as reported by the crew following a:quisition
of signal on revolution 14, A relatively iarge Z-axis residual for the
abort guidance system was caused by an incorrectly loaded target vector.
A4ith this exception, the residuals were well within the three-sigma dis-
persion (plus or minus J.6 ft/sec) predicted before flight.




Following descent orbit insertion, rendezvous radar data were recorded
by the Lunar Module Pilot and used to predict that the pericynthion point
would be at approximately 50 000 feet altitude. Initial checks using the
landing point designator capability produced close agreement by indicating
52 000 feet. The crew also reported that a solar sighting, performed
following descent orbit insertion and using the alignment telescope, was
well within the powered descent initiation go/no-go criterion of 0.25 de-
gree. The solar sighting consisted of acquiring the sun through the tele-
scope and comparing the actual gimbal angles to those theoretically re-
quired and computed by the onboard computer for this observation. This
check is an even more accurate indication of platform performance if the

0.07-degree bias correction for the telescope rear deotent position is
subtracted from the recorded data.

The comparison of velocity residuals between ground tracking data
and the onboard system, as calculated along the earth-moon line-of-sight
provided an additional check on the performance of the primary guidance
3ystem., A residual of 2 ft/sec was recorded st acquisition of signal
and provided confidence that the onboard state vector would have only
small altitude and downrange velocity magnitude errors at powered de-
scent initiation. The Doppler residual was computed by comparing the
velocity measured along the earth-mcon line-of-sight by ground tracking
with the same velocity component computed by the primary system. As the
lunar module approached powered descent initiation, the Doppler residual
began to increase in magnitude to about 13 ft/ssc. Since the earth-moon
line-of-sight vector was almost normal to the velocity vector at this
point, the residual indicated that the primary system estimate of its
state vector was approximately 21 000 feet uprange of the actual state
vector. This same error was also reflected in the real-time comparisons
made using the powered flight processor previously mentioned. Table
5-I1I1 is a comparison of the latitude, longitude, and altitude between
the best-estimated-trajectory state vector at powered descent initia-
tion, that carried onboard, and the preflight-calculated trajectory.

The onboard state-vector errors at powered descent initiation resulted
from a combination of the following:

3

a. Uncoupled thruster firings during the docked landmark tracking
exercise

b. Unaccounted for velocity accrued during undocking and subse-
quent {nspection and station-keeping activity

c. Descent orbit insertion residual

d. Propogated errors in the lunar potential function

e. Lunar module venting.




5-L

5.3 POWERED D=SCENT

The powered descent maneuver began witn a 2o-second thrusting period
a* minimum throttle. Immediately after ignition, S-band communications
were interrupted momentarily but were reestablished when tlie antenna was
switched from the automatic to the slew position. The descent maneuver
was initiated in a face-down attitude to permit the crew to make time
marks on selected landmarks. A landing-point-designator sighting on the
crater Maskelyne W was approximately 3 seconds early, confirming the sus-
pected downrange error. A yaw maneuver to face-up attitude was initiated
following the landmark sightings at an indicated altitude of about
45 900 feet. The maneuver took longer than expected because of an incor-
rect setting of a rate display switch,

Landing radar lock-on occurred before the end of the yaw maneuver,
wiln the spacecraft rotating at approximately 4 deg/sec, The altitude
di fference between that calculated by the ondoard computer and that deter-
mined by the landing radar was approximately 2800 feet, which agrees with
the ultitude error suspected from the Doppler residual comparison., Radar
altitude updates of the onboard computer were enabled at 102:38:45, and
the lifferences converged withir 30 seconds. Velocity updates began auto-
matically L4 seconds af‘er enabling the altitude update. Two altitude-
1i fference transients occurred during computer alarms and were apparently
associated with incomplete radar data readout operations (see section 16.2.9).

Tae reduction in throttle setting was predicted to occur 384 seconds
after ignitisn,; actual throttle reduction occurred at 386 seconds, indi-
cating nominal performance of the descent engine.

Tne first of five computer alarms occurred approximately S5 minutes
after in.tiation of the descent. Occurrences of these alarms are indi-
cated in table 5-1 and are discussed in detail in section 16.2.5. Al-
though the alarms did not degrade the performance of any primary guidance
or control function, they did interferes with an early assessment by the
crew of the landing approach.

Arrival at high gate (end of braking phase) and the automatic switch
to final apprcach phase program I6b occurred at 7129 feet at a descent rate
of 125 ft/sec. These values are slightly lower than predicted but within
acceptable boundaries. At about 5000 feet, the “ommander switched his
control mode from automatic to attitude-hold to check manual control in
anticipation of the final descent,

Af er the pitchover at high gate, the landing point designator indi-
cated that the approach path was leading into a large crater., An unplan-
ned redesignation was introduced at this time. To avoid the crater, the ’
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Commander again switched from autoratic to attitude-hold control and man-
ually increased the flight-path angle by pitching to a nearly vertical
attitude for range extension., Manual control began at an altitude of
approximately 600 feet. Ten seconds later, at approximataly 400 feet, '
the rate-of-descent mode was activated to control descen* velocity. In
this manner, the spacecraft was guided approximately 1100 feet downrange
from the initial aim point.

Figure 5-3 contains histories of altitude compared with altitude-
rate from the primary and abort guidance systems and from the Network
powered flight processor. The altitude difference existing between the
primary system and the Network at powered descent initiation can be ot-
served in this figure. All three sources are initialized to the primary
guidance state vector at powered descent initiation. The primary system,
however, is updated by the landing radar, and the abort guidance system
is not. As indicated in the figure, the altitude readouts from both sys-
tems gradually diverge so as to indicate a lower altitude for the primary
system until the abort system was manually updated with altitude data
from the primary system.

The powered flight processor data reflect both the altitude and down-
range errors existing in the primary system at powered descent initiation.
The radial velocity error is directly proportional to the downrange posi-
tion error such that a 1000-foot downrange error will cause a 1l-ft/sec
radial velocity error. Therefore, the 20 000-foot downrange error exist-
ing at powered descent initiaticn was also reflected as a 20-ft/sec radial
velocity residual. This error is apparent on the figure in the altitude
region near 27 000 feet, where an error of approximately 20 ft/sec is evi-
dent. The primary-system altitude error in existence at powered descent
inttiation manifests iteelf at touchdown when the powered flight proces-
sor indicates a landing altitude below the lunar surface. Figure S-i
contains a similar comparison of lateral velocity from the three sources.
Again, the divergence noted in the final phases in the abort guidance
system data was caused by a lack of radar updates.

Figure 5-5 contains a time history of vehicle pitch attitude, as re-
corded by the primary and abort guidance systems, The scale is set up
so that a pitch of zero degrees would place the X-axis of the vehicle
vertical at the landing site., Two separate designations of the landing
site are evident in the phase after manual takeover. Figure 5-6 contains
comparisons for the pitch and roll attitude and indicates the lateral
corrections made in the final phase.

Figure 5-7 is an area photograph, taken from a Lunar Orbiter flight,
showing the landing site ellipse and the ground track flown to the land-
ing point. Figure 5-8 is an enlarged photograph of the area adjacent to
the lunar landing site and shows the final portions of the ground track
to landing. Figure 5-9 contains a preliminary attempt at reconstructing
the surface terrain viewed during descent, based upon trajectory and radar
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data and known surface features. The coordinates of the landing point,
as obtained from the various real-time and postflight sources, are shown
in table 5-IV. The eactual landing point is O degree U4l minutes 15 sec-
onds north latitude and 23 degrees 20 minutes east longi:ude, as compared
witi: the targeted landing point of O degree 43 minutes 5% Lozonds north
latitude and 23 degrees 38 minutes S1 seconds east longitude as shown in
fizure 5-10, Figure 5-10 is the basic reference map for location of the
landing point in this report. As noted, the landing point dispersion was
caused primarily by errors in the onboard state vector prior to powered
descent initiation.

Figure 5-11 is a time history of pertinent vehicle control parameters
during the entire descenu phase. Evidence of fuel slosh was detected in
the attitude-rate informa*ion following the yaw maneuver. The slosh ef-
fect increased to the point where reaction control thruster firings were
required to damp the rate prior to throttle recovery. The dynamic be-
havior at this point and throug. the remainder of descent was comparable
to that observed in simulations and indicates nominal control system per-
formance.

Approximately 95 pounds of reaction control propellant were used
during powered descent, as compared to the predicted value of 40 pounds.
Plots of propellant consumption for the reaction control and descent pro-
pulsion systems are shown in figure 5-12, The reaction control propellunt
consumption while in the manual descent control mode was 51 pounds, approx-
imately 1-1/2 times greater than that for the automatic mode. This in-
crease in usage rate is attributed to the requirement for greater attitude
and translation maneuvering in the final stages of descent. The descen®’
propuision system propellant usage was greater than predicted because of
the additional time required for the landing site redesignaticn.

5.4 LANDING DYNAMICS

Landing on the surface occurred at 102:45:39.9 with negligible for-
ward velocity, approximately 2.1 ft/sec to the crew's left and 1.7 ft/sec
vertically. Body rate transients occurred, as shown in figure 5-13, and
indicate that the right and the forward landing gear touched almost simul-
taneously, giving a roll-left and a pitch-up motion to the vehicle. The
left-directed lateral velocity resulted in a siight yaw right transient
at the point of touchdown. These touchdown conditions, obtained from atti-
tude rates and integration of accelerometer data, were verified qualita-
tively by the at-rest positions of the lunar surface sensing probes and
by surface buildup around the rims of the foot pads. Figure 11-17 shows
tne probe boom nearly vertical on the ‘nboard side of the minus Y foot pad,
indicating a component of velocity in the minus Y direction. Lunar material
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can be seen as built up outboard of the pad, which also indicates a
lateral velocity in this direction. The probe position and lunar mate-
rial disturbance produced by the minus Z gear assembly, shown in the same
figure, indicate a lateral velocity in the minus Y direction. Figure 11-16
shows in greater detail the surface material disturbance on the minus Y
side of the minus Z foot pad. The plus Y landing gear assembly supports
the conclusion of a minus Y velccity, since the probe was on the outboard
side and material was piled inboard of the pad.

The crew repcrted no sensation of rockup (post-contact instability)
during the touchdown phase. A postflight simulation of the landing dynam-
ics indicates that the maximum rockup angle was only about 2 degrees,
which is indicative of a stable landing. In the simulation, the maximum
foot pad penetration was 2.5 to 3.5 inches, with an associated vehicle
slideout (skidding) of 1 to 3 inches. The land.ng gear struts stroked
less than 1 inch, which represents about 10 percent of the energy absorp-
tion capability of the low-level primary-strut honeycomb cartridge. Ex-
amination of photographs indicates agreement with this analytical con-
clusion.

5.5 POSTLANDING SPACECRAFT OPERATIONS

Immediately after landing, the lunar module crew began a simulated
launch countdown in preparation for the possibility of a contingency
lift-off. Two problems arose during this simulated countdown. First,
the mission timer had stopped and could not be restarted; therefore, the
event timer was slarted using a mark from the ground. Second, the descent
stage fuel-helium heat exchanger froze, apparently with fuel trapped be-
tween the heat exchanger and the valves, causing the pressure in the line
to increase. See section 16.2.1 and 16.2.2 for further discussion of
these problems.

The inertial measurement unit was alignei three times during this
period using each of the three available lunar sur{ace alignment options.
The alignments were satisfactory, and the results provided confidence in
the technique. The simulated countdown was terminated at 104-1/2 hours,
and a partial power-dow#n of the lunar module was {nitiated.

During the lunar surface stay, several unsuccessful attempts were
made by the Command Module Pilot to locate the lunar module through the
sextant. using sighting coordinates transmitted from the ground. Estimates
¢f the landing coordinates were obtained from the lunar module computer,
the lunar surface gravity alignment of the platform, and the limited inter-
pretation of the geological features during desc nt. Figure 5-14 shows
the areas that were tracked and the times of closest appruach that were
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used for the sightings. It can be seen that the actual landing site, as
determined from films taken during the descent, did not lie near the cen-
ter of the sextant field of view for any of the coordinates used; there-
fore, the ability to acquire the lunar module from a 60-mile orbit can
neither be established nor denied. The Command Module Pilot reported it
was possible to scan only one grid square during a single pass.

Because of the unsuccessful attempts to sight the lunar module from
the command module, the decision was made to track the command module from
the lunar module using the rendezvous radar. The command module was ac-
quired at a range of 79.9 miles and a closing rate of 3236 ft/sec, and
loss of track occurred at 85.3 miles with a receding range-rate of
3531 ft/sec (fig. 5-15).

The inertial measurement unit was successfully aligned two more times
prior to lift-off, once tc obtain a drift check and once to establish the
proper inertial orientation for lift-off. The drift check indicated nor-
mal system operation, as discussed in section 9.6. An abort guidance sys-
tem alignment was also performed prior to lift-off; however, a procedural
error caused an azimuth misalignment which resulted in the out-of-plane
velocity error discussed in section 9.6.2.

5.6 ASCENT

Preparations for ascent began after the end of the crew rest period
at 121 hours. The command module state vector was updated from the ground,
with coordinates provided for crater 130, a planned landmark. This cra-
ter was tracked using the command module sextant on the revolution prior
to lift-cff to establish the target orbit plane. During this same revo-
lution, the rendezvous radar was used to track the command module, as
previously mentioned, and the lunar surface navigation program (P22) was
exerciszed to establish the location of the lunar mcdule relative to the
orbit plane. Crew activities during the preparation for launcs were con-
ducted as planned, and lift-off occurred on time.

The ascent phase was initiated by a l0=-second period of vertical
rise, which allowed the ascent stage to clear safely the descent stage
and surrounding terrsain obstacles, as well as provide for rotation of
the spacecraft to the correct launch azimuth, The pitchover maneuver
to a 50-degree attitude with respect to the local vertical began when
the ascent velocity reached LO ft/sec. Powered ascent was targeted to
place the spacecraft in a 10- by 4S-mile orbit to establish the correct
initial conditions for the rendezvous. Figqure 5-16 shows the planned
ascent trajectory as compared with the actual ascent trajectory.




The crew reported that the ascent was smooth, with normal reaction
control thruster activity. The ascent stage appeared tc "wallow," or
traverse the attitude deadbands, as expected. Figure 5-17 contains a
time history of selected control system parameters during the ascent ma-
neuver. A data dropout occurred immediately after lift-off, ma<ing it
difficult to determine accurately the fire-in-the-hole forces. The body
ratec recorded Jjust prior to the data dropout were small (le-e than 5 deg/
sec), but were increasing in magnitude at the time of the drorout. How-
ever, crew reports and associated dynamic information durin; te data
loss period do not indicate that any rates exceeded the exp>ct=d ranges.

The predominant disturbance torque during ascent was aiu:l the pitch
axis and appears to have been caused by thrust vector offset . Figure 5-18
contains an expanded view of control system parameters duriiir « selected
period of the ascent phase. The digital autopilot was desigr2d to con-
trol about axes offset approximately 45 degrees from the spacecraft body
axes and normally to fire only plus X thrusters during powercd ascent.
Therefore, down-firing thrusters 2 and 3 were used almost evciusively
during the early phases of the ascent and were fired alternavely to con-
trol the pitch disturbance torque. These jets induced a roll rate while
counteracting the pitch disturbance; thereforaz, the accompanying roll
motion contributed to the wallowing sensation reported by th: crew. As
the maneuver progressed, the center of gravity moved toward the thrust
vector, and the resulting pitch disturbance torque and required thruster
activity decreased until elmost no disturbance was present. Near the end
of the maneuver, the center of gravit  msved to the opposite side ot the
thrust vector, and proper thruster actuivity to correct for this opposite
disturtance torque can be observed in figure 5-17.

The crew reported that the velocity-to-be-gained display in the
abcrt guidance system indicated differences of S0 to 100 ft/sec with the
primery system near the end of the ascent maneuver. The reason for this
difference appears to be unsynchronized data displayed from the two sys-
te: (see section 9.6).

"able 5-V contains a comparison of insertion conditions between
th 2 calculated by various onboard sources and the p.enned values, and
satjisfactory agreement is indicated by all sources. 7he puvwered flight
processor was again used and indicated performance wel. w’'thin ranges
expected for both systems.




5.7 RENDEZVOUS

Immediately after ascent insertion, the Commander began a platform
alignment using the lunar module telescope. During this time, the ground
relayed the .iunar module state vector to the command module computer to
permit execution of navigation updates using the sextant and the VHF rang-
ing system. The lunar module platform alignment took somewhat longer than
expected; consequently, the coelliptic sequence initiation program was
entered into the computer about 7 minutes later than planned. This delay
allowed somewhat less than the nominal 18 radar navigation updates between
insertion and the first rendezvous maneuver. Also, the first range rate
measurement for the backup solution was missed; however, this loss was
not significant, since both the lunar module end command module guidance
systems were performing normally. Figure 5-19 shows the ascent and rendez-
vous trajectory and their relationship in lunar orbit.

Prior to coelliptic sequence initiation, the lunar irodule out-of-
plane velocity was computed by the command module to be minus 1.0 ft/sec,
a value small enough to be deferred until terminal phase initiation. The
final lunar module solution for coelliptic sequence was a 51.5-ft/sec ma-
neuver to be performed with the Z-axis reaction control thrusters, with
a planned ignition time of 125:19:3L.T.

Following the coelliptic sequence initiation maneuver, the constant
differential height program was called up in both vehicles. Operation
of the guidance systems continued to be normal, and successful navigation
updates were obtained using the sextant, the VHF ranging system, and the
rendezvous radar. It was reported by the Lunar Module Pilot that the
backup range-rate measurement at 36 minutes prior to the constant differ-
ential height maneuver was outside the limits of the backup chart. Post-
flight trajectory analysis has shown that the off-nominal command module
orbit (62 by 56 miles) caused the range rate to be approximately 60 ft/sec
below nominal at the 36-minute data point. The command module was near
pericynthion and the lunar module was near apocynthion at the measurement
point. These conditions, which decreased the lunar module closure rate
to below the nominal value, are apparent from figure 5-20, a relative
motion plot of the two vehicles between insertion and the constent dif-
ferential height maneuver. Figure 5-20 was obtained by forward and back-
ward integration of the last available lunar module state vector prior to
loss of signal following insertion and the final constant differential
height maneuver vector integrated backward to the coelliptic sequence
initiation point. The dynamic range of the backup charts has been in-
creased for future landing missions. The constant differential height

maneuver was accomplished at the lunar module primary guidance computer
time of 126:17:49.6.




The constant differential height maneuver was performed with a total
velocity change of 19.9 ft/sec. 1In a nominal coelliptic flight plan with
a circular target orbit for the command module, this maneuver would be
zero. However, the ellipticity of the command module orbit required a
real-time change in the rendezvous plan prior to lift-off to ineclude ap-
proximately 5 ft/sec, applied retrograde, to compensate for the change in
differential height upon arriving at thiz maneuver point and approximately
11 ft/sec, applied vertically, to rotate the line of apsides *to the cor-
rect angle. Actual executicn errcrs in ascent insertion and coelliptic
sequence initistion resulted in an additional velocity change requirement
of about 8 ft/sec, which yielded the actual total of 13.9 ft/sec.

Following the constant differential height maneuver, the computers
in both spacecraft were configured for terminal phase initiation. Navi-
gation updates wexe made and several computer recycles were performed to
obtain an early indicatiorn of the maneuver time. The final computation
was initiated 12 minutes prior to the maneuver, as planned. Ignition
had been computed to occur at 127:03:39, or 6 minutes 39 seconds later
than planned.

Soon after the terminal phase initiation maneuver, the vehicles
passed behind the moon. At the next acquisition, the vehicles were fly-
ing formation in preparation for docking. The crew reported that the
rendezvous was npominal, with the first midcourse maneuver less than 1 ft/
sec and the second about 1.5 ft/sec, The midcourse maneuvers were per-
formed by thrusting the body axis components to zero while the lunar mod-
ule plus Z axis remained pointed at the command module. It was also re-
ported that lire-of-sight rates were small, and the planned braking was
used for the approach to station-keeping. The lunar module and command
module maneuver solutions are summarized in tables 5-VI and 5>-VII, respec-
tively.

During the docking maneuver, two unexpected events occurred. In the
alignment procedure for docking, the lunar module was maneuvered through
the platform gimbal-lock attitude and the docking had to be completed
using the abort guidance system for attitude control. The off-nominal
attitude resulted from an added rotation to avoid sunlight interference
in the forward windows. The sun elevation was about 20 degrees higher
than planned because the angle for initiation of the terminal phase was
reached about 6 minutes late.

The second unexpected event occurred after docking and consisted of
relative vehicle alignment excursions of up to 15 degrees following ini-
tiation of the retract sequence. The proper docking sequence consists of
initial contact, lunar module plus-X thrusting from initial contact to
capture latch, switch the command module control from the automatic (CMC
AUTO) to the manual (CMC FREE) mode and allow relative motions to be

-
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damped to within plus or minus 3 degrees, and then initiate retract to
achieve hard docking. The Commander detected the relstively low velocity
at initial contact and applied plus X thrusting; however, the thrusting
was continued until after the misalignment excursion had developed, since
the Commender had received no indication of the capture event. To further
complicate the dynamics, the Ccmmand Module Filot also noticed the excur-

. sions and reversed the command module contrnl mode from CMC FREE to CMC
AUTO. At this time, both the lunar module and the command module were in
minimum-deadband attitude-hold, thereby causing considerable thruster fir-
ing until the lunar module was placed in maximum deadband. The vehicles
were stabilized using manual control Just prior to achieving a successful
hard dock. The initial observed misalignment excursion is considered to
have been caused by the continued lunar module thrusting following cap-
ture, since the thrust vector does not pass through the center of gravity
of the command and service modules.

The rendezvous was successful and similar to that for Apollo 10,
with g8l1l guidance and control systems operating satisfactorily. The
Command Module Pilot reported that the VHF ranging broke lock sbout 25
times following ascent insertion; however, lock-on was reestablished
each time, and navigation updates were successful. The lunar module
reaction control propellant usage wes nearly nominal.




TABLE 5-I.- LUNAR DESCENT EVENT TIMES

Time,
hr:min:sec

Event

102
102
102
102

102
102

102:
102:
102:
102:

102

102:
102:

102:
102:
102:
102:
102:
102:
102:

102

102:
102:
102:
102:
102:
102:
102:
102:
102:
102:
102:
102:
102:

17
:20:
2L
27
102:
102:

32
32

133
:33:
36:
37:
37:
38:
:38:
38:
38:

39
39

L1

42

17
53

:Lo

32

155
:58
:05

31
57
51
59
22
L5
50
50

;02
:31
L1:

32

:37
bi:
L2

53
C3

:18
L2
L2
:58
:09
:13
:20
122
:11
21
:28
:59
:03
:40
140

19
L3

Acquisition of data

Landing radar on

Align abort guidance to primary guidance

Yaw maneuver to obtain improved communications

Altitude of 50 000 feet

Propellant-settling firing start

Descent engine igniticn

Fixed throttle position (crew report)

Face-up yaw maneuver in process

Landing radar data good

Face-up maneuver complete

1202 alarm (computer determined)

Enable radar updates

Altitude less than 30 000 feet (inhibit X-axis override)

Velocity less than 2000 ft/sec (start landing radar
velocity update)

1202 alarm

Throttle recovery

Enter program P6h4

Landing radar antenna to position 2

Attitude-hold (handling qualities check)

Automatic guidance

1201 alarm (computer determined)

Landing radar low scale (less than 2500 feet)

1202 alarm (computer determined)

1202 alarm (computer determined)

Landing point redesignation

Attitude-hold

Update abort guidance attitude

Enter program P66

Landing radar data not good

Landing radar data good

Red-line low-level sensor light

Landing radar data not good

Landing radar data good

Landing

Engine off
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TABLE 5~IT.- MANEUVER RESTDUALS - DESCENT ORBIT INSERTION

Velocity residual, ft/sec
Axis
. Before trimming After trimming
X -0.1 c.0
Y -0.4 -0.4
7 -0.1 G.0

TABLE 5-III.- POWERED DESCENT INITIATION STATH VECTORS

o Operaticnal Best estimate Primary guidance
Parameter . .
trajectory trajectory computer
Latitude, deg 0.961k 1.037 1.17
Lengitude, deg 39.607 39.371 39.48
Altltude, Tt 50 000 L9 376 L9 955
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TABLE 5-IV.- LUNAR LANDING COORDINATES®

. b . Radius of
Data source for solution Latitude -, longitude, Landing Site 2,
deg north deg east < q
miles
Primary guidance onboard 0.649 23.46 937.17
vector
Abort guidance onboard 0.639 23.Lb 937.56
" vector
Powered Tlight processor 0.631 23.47 936.74
(based on LY-track solu-
tion)
- Alignment optical tele- 0.523 23.42
scope
Rendezvous radar 0.636 23.50 937.13
Best estimate trajectory 0.647 23.505 937.14
accelerometer recon-
B struction
Lunar module targeted 0.691 23.72 937.05
Photography 0.647 cr 23.505 or
Coou1r15" €23°26100"

aFollowing the Apollo 10 mission, a difference was noted (from the
landmark tracking results) between the trajectory coordinate system and
the coordinate system on the reference map. In order to reference tra-
Jectory values to the 1:100 000 scale Lunar Map ORB-II-6 (100), dated
December 1967, correction factors of plus 2'25" in latitude and minus

L'17" in longitude must be applied to the trajectory values.

bAll latitude values are corrected for the estimated out-of-plane

position error at powered descent initiation.

cThese coordinate velues are referenced to the map and include the
correction factors.




TABLE §-V.- I[LSERTION SIMMAIC

Altitude, K?UL?f Downrgnge
source N conaty, velocity,
't .

! r't/sec
Srimary sul beoe Su ol 5537.0
Atort opuigataee ot 1Y 5537.9
detworn tracaing ol ZLo oF 5540.7
‘perational Trajectory 60 085 2L 5536.6
“econstructed from accelercmeters 60 337 33 553L.9
nctual (best estimsate trajectory) 60 300 2 5537.0
Jarget values* 60 200 32 5534.9

*Also, crossrange dicplacement of 1.7 miles was to be corrected.

The following velocity residuals were calculated by the primary guidance:

K= =C.1 ft/sec
-0.1 rt/sec

= +1.8 ft/sec

03
i

The orbit resulting after residuals were trimmed was:

Apocynthion altitude = L7.3 miles

Yericynthion altitude =

9.5 miles
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TAELE 5-VII.- COMMAND MODULE SOLUTTIONHS

Time, Solution,
Maneuver . .
hrmin:sec f't/sec
Coelliptic sequence irnitiation 125:19:34.70 51.3 retrograde
1.4 south
(.0 up/down
Constant differential neight 126:17:46.00 9.1 posigrade
2.4 north
14.6 down
Terminal phase initiation 127:02:3L.50a
b
127:03:30.8 22.9 retrograde
1.7 south
11.9 down
t'irst midcourse correction 127:18:30.8 1.3 retrograde
0.6 south
Second midcourse correction 127:33:30.8 0.1 retrograde
1.0 south
0.6 down

Tnitial computed time of ignition using nominal elevation angle
of 208.3 degrees for terminal phase initiation.

bFinal solution using lunar module time of ignition.

NOTE: All solutions in local horizontal coordinate frane.
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NASA-5-69-3713
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NASA-S-69-3730

....... seseseeer Rendezvous radar tracking
o -ar. Ground tracking

Command and service
module orbit (60 mi)

10— Sun

Earth
Event Time
1 Lift-off 124:22:00.8
2 Lunar module insertion 124.29:15,7
3 Coelliptic sequence initiation 125:19:35,0
4 Constant differential height 126:17:49.6
5 Terminal phase initiation 127:03:51.8
6 First midcourse correction 127:18:30.8
7 Second midcourse correction 127:33:30.8
8 Begin braking 127:36:57.3
9 Begin stationkeeping 127:52:05.3
10 Docking 128:03:00.0

Figure 5-19 .- Ascent and rendezvous trajectory,
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6.0 COMMUNICATIONS

Performance of all communications systems (see sections 8, 9, 10,
and 13), including those of the command module, lunar module, portable
life support system, and Manned Space Flight Network, was generally as
expected. This section presents only those aspects of communication Sys-
tem performance which were unique to this flight. The performance of
these systems was otherwise consistent with that of previous flights.

The S-band communication system provided good quality voice, as 3id the
VHF link within its range capability. The performance of command module
and lunar module up-data links was nominal, and real-time and playback
telemetry performance was excellent. Color television pictures of high
quality were received from the command module. Good quality black-and-
white television pictures were received and converted to standard formst
during lunar surface operations. Excellent gquality tracking data were
obtained for both the command and lunar modules. The received uplink
and downlink signal powers corresponded to preflight predictions. Com-
munications system management, including antenna switching, was generally
good.

Two-way phase lock with the command module S-band equipment was
maintained by the Merritt Island, Grand Bahama Island, Bermuda, and USNS
Vanguard stations through orbital insertion, except during S-IC/S-II
staging, interstage jettison, and station-to-station handovers. A com-
plete loss of uplink lock and command capability was encountered between
6 and 6-1/2 minutes after earth lift-off because the operator of the
ground transmitter at the Grand Bahama Island station terminated trans-
mission 30 seconds early. Full S-band communications capability was re-
stored at the scheduled handover time when the Bermuda station established
two-way phase lock. During the Merritt Island station's coverage of the
launch phase, PM and FM receivers were used to demcdulate the received
telemetry data. (Normally, only the PM data link is used.) The purpose
of this configuration was to provide additional data on the possibility
of improving telemetry coverage during S-IC/S-II staging and interstage
Jettison using the FM receiver. There was no loss of data through the
FM receiver at staging. On the other hand, the same event caused a 9-
second loss of data at the PM receiver output (see fig. 6-1). However,
the loss of data at interstage jettison was approximately the same for
both types of receivers.

The television transmission attempted during the first pass over
the Goldstone station was unsuccessful because of a shorted patch cable
in the ground station television equipment. Also, the tracking coverage
during this pass was limited to epproximately 3 minutes by terrain ob-
structions. All subsejuent transmissions provided high-quality television.




The USNS Redstone and Mercury ships and the Hawaii station provided
adequate coverage of translunar injection. A late handover of the com-
mand module and instrument unit uplinks from the Redstone to the Mercury
and an early handover of both uplinks from the Mercury to Hawaii were
performed because of command computer problems at the Mercury. Approxi-
mately 58 seconds of command module data were lost during these handovers.
The loss of data during the handover from the Mercury to Hawaii was caused
by terrain obstructions.

Communications between the command module and the ground were lost
during a portion of transposition and docking because the crew failed
to switch omnidirectional antennas Jduring the pitch maneuver. Two-way
phase lock was regained when the crew acquired the high gain antenna in
the narrow beamwidth. The telemetry data recorded onboard the spacecraft
during this phase were subsequently played back to the ground. Between
3-1/2 and b4 hours, the downlink voice received at the Mission Control Cen-
ter was distorted by equipment failures within the Goldstone station.

During the fourth lunar orbit revoluticn, lunar module communications
equipment was activated for the first time. Goocd quzlity normal and back-
ur down-voice and high and low bit rate telemetry were received through
the 210-foot Goldstone antenna while the spacecraft was transmitting
through an omnidirectional antenna. As expected, telemetry decommutation
frame synchronization could not be maintaired in the high-bit-rate mode
using the 85-foot antenna at Goldstone for reception.

Between acquisition of the lunar mcdule signal at 102:16:30 and the
pitch-down maneuver during powered descent, valid steerable antenna auto-
track could not be achieved, and received uplink and downlink carrier
powers were L to 6 dB below nominal. Coincidently, several losses of
phase-lock were experienced (fig. 6-2). Prior to the unscheduled yaw
maneuver initiated at 102:27:22, the line of sight from the lunar module
steerable antenna to earth was obstructed oy a reaction control thruster
plume deflector (see section 16.2.L). Therefore, the antenna was more
susceptible in this attitude to incidental phase anid amplitude modulation
resulting from multipath effects off either the lunar module or the lunar
surface. The sharp losses of phase lock were probably caused by the build-
up of oscillations in steerable antenna motion as the frequencies of the
incidental amplitude and phase modulation approached multiples of the an-
tenna switching frequency (50 hertz). After the yaw maneuver, auto-track
with the correct steerable antenna pointing angles was not attempted un-

til 102:4C:12, Subsequently, valid auto-track was maintained through
landing.

As shown in figure 6-2, the performance of the downlink voice and
telemetry channels was consistent with the received carrier power. The
long periods of loss of PCM synchronization on data received at the 85-
foot station distinetly illustrate the advantage of scheduling the de-
scent maneuver during coverage by a 21C-foot antenna.

-
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After landing, the lunar module steerable antennu was switched to
the slew (manual) mode and was used for all communications during the
lunar surface stay. Also, the Network was configured to relay voice
communications between the two spacecraft.

This ccufiguration provided good-quality voice while the ccmmand
module was transmitting through the high gain antenna. However, the
lunar mndule crewmen reported that the noise associated with random key-
ing of the voice-operated amplifier within the Network relay configura-
tion was objectionable when the command module was transmitting through
an omnidirectional antenna. This noise was expected with operation on
an cmnidirectional antenna, and use cf the two-way voice relay through
the Network was discontinued, as planned, after the noise was reported.
During the subsequent extravehicular activity, a one-way voice relay
through the Network to the command module was utilized.

Primary coverage of the extravehicular activity was provided by
210-foot antennas at Goldstone, California, and Parkes, Australia. Back-
up coverage was provided by 85-foot antennas at Goldstone, California,
and Honeysuckle Creek, Australia. Voice communications during this period
were satisfactory; however, voice-operated-relay operations caused breakup
of tne voice received at the Network stations (see section 13.2 and 16.2.8).
This breskup was primarily associated with the Lunar Module Pilot. Through-
out the lunar surface operation, an =cho was heard on the ground 2.6 sec-
onds after uplink transmiss.ons tccause uplink voice was turned around
and transmitted on the lunar module S-band downlink (see section 16.2.9).
The Parkes receiving station was largely used by the Mission Control Cen-
ter as the primary receiving station for real-time television transmis-
sions. The telemetry decommutation system and the PAM-to-PCM converter
maintained rrame synchronization on the lunar module telemetry data and

the portavle-life~support-system status data, respectively, throughout
the lunar surface activities.

An evaluation of data recorded by the Honeysuckle station during
lunar surface activities was accomplished to determine whether an 85-foot
station cculd have supporved this mission phase without deployment of
the lunar module erectable antenna. The results were compared with
these cf a similar evaluation recorded at the Gecldstone station using
the 21C-Toot antenna. A ccmparison of slow=scan television signals
received at the twc stations shows that, although there was a 4-dB dif-
ference in signnl-to-noise ratios, there was no appreciable 3ifference
in picture guality. The differernces in downlink voice intelligibility
and telemetry data quality were not significant. There is no perceptible
difference in the quality of biomedical data received at the 85- and 210-
foot stations. Playback o. portable-life-support-systenm status data for
the Lunar Module Pilot shows that frame syrchronization was maintained
38 and 1CO percent of the time for the 85- and 210-foot stations, respec-
tively. Based on “hese comparisons, the 85-fo5t ground station could
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have supported the lunar surface activities without deployment of the
erectable antenna with slightly degraded data.

The performance of the communication system during the ascent and
rendezvous phases was nominal except for a 15-second loss of downlink
phase lock at ascent engine ignition. The data indicate this loss can
be attributed to reapid phase perturbat:ons caused by transmission through
the ascent engine plume. During future Apollo missions, a wider carrier
tracking loop bandwidth will be selected by the Network stations prior to
powered ascent. This change will minimize the possibility of loss of
lock due to rapid phase perturbations.
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7.0 TRAJECTORY

The analysis of the trajectory from lift-off to spacecraft/S-IVB
separation was based on Marshall Space Flight Center results (ref. 1)
and tracking data from the Manned Space Flight Network. After separa-
tion, the actual trajectory information was based on the best estimated

trajectory generated after the flight from Network tracking and telemetry
data.

The earth and moon models used for the trajectory analysis are geo-
metrically described as follows: (1) the earth model is a modified
seventh-order expansion containing geodetic and gravitational constants
representative of the Fischer ellipsoid, and (2) the moon model is a
spherical harmonic expansion containing the R2 potential function, which
is defined in reference 2. Table T-I defines the trajectory and maneu-
ver parameters.

7.1 LAUNCH PHASE

The launch trajectory was essentially nominal and was nearly identi-
cal to that of Apollo 10. A maximum dynamic pressure of 735 1b/ft? was
experienced. The S-IC center and outboard engines and the S~IVB engine
cut off within 1 second of the planned times, and S-II outboard engine
cutoff was 3 seconds early. At S-IVB cutoff, the altitude was high by
§100 feet, the velocity was low by 6.0 ft/sec, and the flight-path angle
was high by 0.01 degree all of which were within the expected dispersions.

T.2 EARTH PARKING ORBIT

Earth parking orbit insertion occurred st 0:11:49.3. The parking
orbit was perturbed by low-level hydrogen venting of the S-IVB stage
until 2:34:38, the time of S-IVB restart preparation.

7.3 TRANSLUNAR INJECTION

The S-IVB was reignited for the translunar injection maneuver at
2:4L:16.2, or within 1 second of the predicted time, and cutoff occurred
at 2:50:03. All parameters were nominal and are shown in figure 7-1.
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7.4 MANEUVER ANALYSIS

The parameters derived from the best estimated trajeclory for each
spacecraft maneuver executed during the translunar, lunar orbit, and
transearth coast phases are presented in table 7-II. Tables T=III and
7-IV present the respective pericynthion and free-return conditions after
each translunar maneuver. The free-return results indicate conditions et
entry interface produced by each maneuver, assuming no additional orbit
perturbations. Tables 7-V and 7-VI present the respective maneuver sum-
maries or the lunar orbit and the transearth coast phases.

T.4.1 Translunar Injection

The pericynthion altitude resulting from translunar injection was
896.3 miles, as compared with the preflight prediction of 718.9 miles.
This altitude difference is representative of a 1.6 ft/sec accuracy in
the injection maneuver. The associated free-return conditions show an
earth capture of the spacecraft.

7.k.2 Separation and Docking

The command and service modules separated from the S-IVB and suc-
cessfully completed the transposition and docking sequence. The space-
craft were ejected from the S-IVB at U4 hours 17 minutes. The effect of
the 0.7-ft/sec ejection maneuver was a change in the predicted pericyn-
thion altitude to 827.2 miles. The separation maneuver performed by the
service propulsion system was executed precisely and on time. The re-
sulting trajectory conditions indicate a pericynthion altitude reduction
to 180.0 miles, as compared to the planned value of 167.7 miles. The
difference indicates a 0.2L-ft/sec execution error.

7.4.3 Translunar Midcourse Correction

The computed midcourse correction for the first option point was
only 17.1 ft/sec. A real-time decision was therefore made to d21lay the
first midcourse correction until the second option point at translunar
injection plus 2L hours because of the small increase to only 21.2 ft/sec
in the zorrective velocity required. The first and only translunar mid-
course correction was initiated on time and resulted in s pericynthion
altitude of 61.5 miles, as compared with the desired value of 60.0 miles.
w2 other opportunities for midcourse correction were available during
the translunar pnase, but the velocity changes required to satisty plan-
ned pericynthion altitude and nodal position targets were well below the
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levels at which normal lunar orbit insertion can be retargeted. There-
fore, no further translunar midcourse corrections were required. The
translunar trajectory was very similar to that of Apollo 10.

T.b.4 Lunar Orbit Insertion and Circularization

‘ The lunar orbit insertion and circularization targeting philosophy
for Apollo 11 differed from that of Apollo 10 in two ways. First, tar-
geting for landing site latitude was biased to account for the orbit
plane regression observed in Apollo 10; and secondly, the circularization
maneuver was targeted for a noncircular orbit of 65.7 by 53.7 miles, as
compared with the 60-mile-circular orbit targeted for Apollo 10. A dis-
cussion of these considerations is presented in section T7.7. The repre-
sentative ground track of the spacecraft during the lunar orbit phase of
the mission is shown in figure T7-2.

The sequence of events for lunar orbit insertion was initiated on
time, and the orbit achieved was 169.7 by 60.C miles. The firing dura-
tion was 4.5 seconds less than predicted because of higher than pre-
dicted thrust (see section 8.8).

The circularization maneuver was initiated two revolutions later
and achieved the desired target orbit to within 0.1 mile. The spacecraft
was placed into a 65.7- by 53.8-mile orbit, with pericynthion at approxi-
mately 80 degrees west, as planned. The R2 orbit prediction model pre-
dicted a spacecraft orbit at 126 hours (revolution 13) of 59.9 by 59.3
miles. However, the orbit did not circularize during this period (fig.
T-3). The effects of the lunar potential were sufficient to cause this
prediction to be ir error by about 2.5 miles. The actual spacecraft
orbit at 126 hours was 62.4 by 56.6 miles.

7.4.5 Undocking and Command Module Separation

The lunar module was undocked from the command module at about .00
hours during lunar revolution 13. The command and service modules then
performed a three-impulse separation sequence, with an actual firing
time of 9 seconds and a velocity change of 2.7 ft/sec. As reported by
the crew, the lunar module trajectory perturbations resulting from un-
docking and station-keeping were uncompensated for in the descent orbit
insertion mancuver one-half revolution later. These errors directly af-
fected the lunar module state vector accuracy at the initiation of pow-
ered descent,




7.4.6 Lunar Module Descent

The descent orbit insertion maneuver was executed at 101-1/2 hours,
and about 57 minutes later, the powered descent sequence began. The
detailed trajectory analysis for the lunar module descent phase is pre-
sented in section 5.1. The trajectory parameters and maneuver results
are presented in tables T7-IT and 7-V.

7.4.7 Lunar Module Ascent and Rendezvous

The lunar module ascent stage lifted off the lunar surface at
124:22:00.8 after staying on the surface for 21 hours 36.35 minutes.
Lunar orbit insertion and the rendezvous sequence were normal. The
terminal phase was completed by 128 hours. The detailed trajectory anal-
ysis for ascent and rendezvous is presented in sections 5.6 and 5.7.
Tables T-II and 7-V present the trajectory parameters and maneuver re-
sults for these phases.

T.4.8 Transearth Injection

The transearth injection maneuver was initiated on time and achieved
a velocity change of only 1.2 ft/sec less tnan planned. This maneuver
exceeded the real-time planned duration by 3.L seconds because of a
slightly lower-than-expected thrust (see section 8.8). The transearth
injection would not have achieved acceptable earth entry conditions. The
resulting perigee altitude solution was 69.4 miles, as compared with the
nominal value of 20.4 miles.

T.4L.S Transearth Midcourse Correction
At the fifth midcourse-correction option point, the first and only

transearth midcourse correction of 4.8 ft/sec was made with the reaction

control system, which corrected the trajectory to the predicted entry
flight-path angle of minus 6.51 degrees.

7.5 COMMAND MODULE ENTRY

The best estimated trajectory for the command module during entry
«3s obtained from a digital postflight reconstruction. The onboard te—
«emetry recorder was inoperative during entry, and since the spacecraft
experienced communications blackout during tne first portion of entry,
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complete telemetry information was not recorded. A range instrumenta-

tion aircraft received a small amount of data soon after the entry inter-
face was reached and again approximately 4 minutes into the entry. These
data, combined with the best estimated trajectory, produced the postflight

data presented herein. Table 7-VIT pPresents the actual conditions at
entry interface.

The flight-path angle at entry was 0.03-degree shallower than pre-
dicted at the last midcourse correction, causing a peak load factor of
6.56g, which was slightly higher than planned.

The spacecraft laanded in the Pacific Ocean at 169.15 degrees west
and 13.30 degrees north.

7.6 SERVICE MODULE ENTRY

The service module entry was recorded on film by aircraft. This film
shows the service module entering the earth's atmosphere and disintegra-
ting near the command module. According to preflight predictions, the
service module should have skipped out of the earth's atmosphere into a
highly elliptical orbit. The Apollo 11 crew observed the service module
about 5 minutes after separation and indicated that its reaction control
thrusters were firing and the module was rotating. A more complete dis-
cussion of this anomaly is contained in section 16.1.11.

T.7 LUNAR ORBIT TARGETING

The targeting philosophy for the lunar orbit insertion maneuver 4dif-
fered in two ways from that of Apollo 10. First, the landing site lati-
tude targeting was biased in 4n attempt to account for the orbit plane
regression noted in Apollo 10. During Apollo 10, the lunar module passed
approximately S5 miles south of the landing site on the low-altitude pass
following descent orbit insertion. The Apollo 11 target bias of
minus 0.37 degree in latitude was based on the Langley Research Center
13-degree, 13-order lunar gravity model. Of all gravity models investi-
gated, this one came the closest to predicting the crbit inclination and
longitude of ascending node rates observed from Apollo 10 data. During
the lunar landing phase in revolution 14, the lunar module latitude was
0.078 degree north of the desired landing site latitude. A large part
of this error resulted because the targ2ted orbit was not achieved at
lunar orbit insertion. The difference between the predicted and actual
values was approximately 0.05 degree, which represants the prediction
error from the 13-degree, 13-order model over 14 revolutions. However,
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the amount of lunar module plane change required during descent was re-
duced from the 0.337 degree that would have been required for a landing
during Apollo 10 to G.0T& degree in Apollo 11 by biasing tr.e lunar orbit
insertion targeting. A comparison between Apollo 10 and 1 latitude
targeting results is presented in table 7-VIII.

The second change from Apollo 10 targeting was that the circulariza-
tion maneuver was targeted for a noncircular orbit of 53.7 bty 65.7 miles.
The R2 lunar potential model predicted this orbit would decay tc a 60-mile
circular orbit at nominal time for rendezvous, thereby conserving as-ent
stage propellants. Although the R2 model is currently the besi for pre-
dicting in-plane orbital elements, it cannot predict accurately over long
intervals. Figure 7-3 shows that the R2 predictions, using the revolu-
tion 3 vector, matched the cbserved altitudes for approximnately 12 revo-
lutions. It should be noted that the command and service module separa-
tion maneuver in luiar orbit was taken into account for vota the cireu-
larization targeting and the R2 prediction. If the spucecraft had been
placed into a nearly circular orbit, as in Apcllo 13, estimates show tnat
a degenerated orbit of 55.7 by 67.3 miles would have resulted by the time
of rendezvous. The velocity penalty at the constant differential height
maneuver for the Apollo 10 approach would have been at least 22 ft/sec,
as compared to the actual 8 ft/sec resulting from the executed circular-
ization targeting scheme. A comparison between Apollo 11 and Apolilo 10
circularization results is presented in table T7-IX.

7.8 LUNAR ORBIT NAVIGATION

The preflight plan for lunar orbit navigation, based on Apollo 8
and 10 postflight analyses, was to fit tracking data from two near side
lunar passes with the orbit plane constrained to the latest, one-pass
solution. For descent targeting, it was planned to use the landing site
coordinates determined from landmark sightings during revolution 12, if
it appeared that the proper landmark had been tracked. If not, the best
preflight estimate of coordinates from Lunar Orbiter data and Apollo 10
sightings was to be used. In addition, these coordinates were to be ac-
Justed to account for a two-revolution propasgation of radial errors de-
te-mined in revolutions 3 through 10. The predicted worst-case estimate

of navigation accuracy was approximately 2000 feet in both latitude and
lengitude.

Several unanticipated problems severely affected navigation accuracy.
First, there was a greater inconsistency and larger errors in the one=-pass

orbit plane estimates than had been observed on any previous mission
(fig. 7-4).
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These errors wvere the result of a known deficiency in the R2 lunar
potential rodel. This condition should not oceur on future missions
vecause different lunar inclinaticn angles will be flown.

A seccnd problem, clesely related to the first, was that the two-
revolution propagation errors for crosstrack, or latitude, errors were
extremely inconsistent. The average progagation error based on five
samples at the end of revolution 10 was 2900 feet; but the uncertainty
in this estimate was plus or minus 9000 feet. On the other hand, the
propagation errors for radial and downtrack, or longitude, errors were
Wwithin expected limits. No adjustment was made for either latitude or
longitude propagation errors because of the large uncertainty in the case
of latitude and the small correction (800 feet) required in the case of
longitude.

The coordinates cobtained from the landmark tracking during revolu-
tion 12 deviated from the best preflight estimate of the center of the
landing site ellipse by 0.097 degree north, 0.0147 degree east, and
0.038 »ile below. These errors are attributed %o the R2 potential
mcdel dericiencies. The large difference in latitude resulted from an
error in the spacecraft state vector estimate of the orbit plane; these
were the data used to generate the sighting angles. The difference in
longitude could alsc have been caused by an error in the estimated state
vector or from tracking the wrong landmark.

The third protlem area was the large number of trajectory perturba-
tion iIn revolutions 11 through 13 because of uncoupled attitude maneuvers,
such as hot firing tests of the lunar module thrusters, undocking impulse,
station-keeping activity, sublimator operation and possibly tunnel and

cabin venting. The net effect of these perturbations was a sizeable down-
range miss.

A comparison between the lunar landing point coordinates generated
from various data sources is presented in table 5-IV. The difference, or
miss distance, was 0.0LkL degree south and 0.2199 degree east, or approx-
imately LLLO end 21 990 feet, respectively. The miss in latitude was
caus2d by neglecting the two-revolution orbit plane propagation error,
and the mlss in longitude resulted from the trajectory perturbations
during revolutions 11l through 13.

The coordinates used for ascent targeting were the best preflight
estimate of landing site radius and the onboard-guidance estimate of lat-
itude and longitude at touchdown (corrected for initial state vector errors
fror ground tracking). The estimated errors in targeting coordinates were
a radius 1500 feet less than desired and a longitude LLOO feet to the west.




TABLE T7-I.- DEFINITION CF TRAJECTORY AND ORBITAL PARAMETERS

Trajectory Parametors

Geodetic latitude

Selenographic latitude

Longitude

Altitude

Space-fixed velocity

Space-fixed flight-path angle

Space-fixed heading angle

Apogee
Perigee

Apocynthion

Pericynthion

Period

Inclination

wenzitude of the ascending
ncda

Definition

Spacecraft positicn measured north or south from
the earth's =quator to the loecal vertical vector,
deg

Spacecraft position measured north or south from
the true lunar eguatorial plane to the local ver—
tical vector, deg

Spacecraft position measured east or west from the
budy's prime meridien to the local vertical vec-
tor, deg

Perpendicular distance from the reference body to
the point of orbit intersect, ft or miles; alti-
tude above the lunar surface is referenced to
Landing Site 2

Magnitude of the inertial velocity vector refer-
enced to the body-centered, inertial reference
coordinate system, ft/sec

Flight-path angle measured positive upward from
the body-centered, local acrizontal plane to the
inertial velocity vector, deg

Angle of the projecticn of the inertial velocity
vector onto the local body-centered, horizontal
plane, measured positive eastward from north, deg

Maximum altitude above the oblate earth model, miles
Minimum altitude above the oblate earth model, miles

Maximum altitude above the mocn model, referenced
to Landing Site 2, miles

Mininum altitude above the moon model, referenced
to Landiug Cite 2, miles

Time required for spacecraft to complete 360 de-
grees of orbit rotation, min

Acute angle formed at the in“ersection of the orbit
plane and the reference btody's etuatorial plane,
deg

Longitude where the orbit plane crosses the ref-
erence tody's equatorial plans from below, deg
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TABLE T-VII.- ENTRY TRAJECTORY PARAMETERS

Entry interface (400 000 feet altitude)

Time, hr:minisec . ¢« &« ¢ ¢ ¢ ¢ ¢ ¢t ¢ o o o o o o o » 195:03:05.7

Geodetic latitude, deg south . . « . « ¢« ¢« « « + . 3.19
Longitude, degeast . . . « . « « « . . e e e e 171.96
Altitude, @ilesS o+ 4+ ¢« 4 ¢ ¢ ¢ ¢ 4 4 4 e s e e e e e 65.8
Space-fixed velocity, ft/sSec . . v v v 4 ¢ 4 ¢ o o . 36 19L4.4
Space-fixed flight-path angle, deg . . . . . . . . . -6.48
Space-fixed heading angle, deg east of north . . . . 50.18

Maximum conditions

Velocity, ft/3€C v v v v v v v vt e e e e e .. 36 277.4
Acceleration, € « « « « ¢« v v 4 4 0 4 b 0 e e ... 6.51

Drogue deployment

Time, hr:min:sec . . & ¢ v v v v v v 4 o o o o « o = 195:12:06.9
Geodetic latitude, deg south

Recovery ship report . . . . . ¢ ¢ v v v v ¢ o o . 13.25%

Onboard guidance . . . . . . . ¢ ¢ e v v e . e . . 13.30

T"set . . . . . . . . L] L] - . . . . * L . L . L] . 13. r
Longitude, deg west

Recovery ship report . . . . . . . . + v ¢ ¢ o . . 169.15

mbmd wimce . L] L] . L[] L] L] L] . . L] L] L[] . L] . ] 169 .15

Tarset ¢ & ¢+ 0 e s s s s s+ b 0 e * & 8 6 e & s e 169 . 15




TABLE T-VIII.- LATITUDE TARGETING SUMMARY

Landing site latitude on the
landing revolutions, deg

Apollo 10 Apollo 11
Desired 0.691 0.691
Actual 0.354 0.769
Error 0.337 south 0.078 north

TABLE T-IX.- CIRCULARIZATION ALTITUDE TARGETING

Orbvit altitude, miles

Apollo 10 Apollo 11
At circularization Desired | 60.0 by 60.0 53.7 by 65.7
Actual 61.0 by 62.8 54.5 by 66.1

Error 1.0 by 2.8 0.8 by 0.4
At rendezvous Desireda | 60.0 by 60.0 60.0 vy 60.0
Actual 58.3 by 65.9 56.5 by 62.6

&ror -109 by 509 '305 w 2.6

FS 5
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Figure 7-2. - Lunar ground track for revolutions 1 and .
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8.0 COMMAND AND SERVICE MODULE PERFORMANCE

Performance of command and service module systems is discussed in
this section. The sequential, pyrotechnic, thermal protection, earth
landing, power distribution, and emergency detection systems operated
as intended and are not discussed further. Discrepancies and anomalies
are generally mentioned in this section but are discussed in greater de-
tail in section 16, Anomaly Summary.

8.1 STRUCTURAL AND MECHANICAL SYSTEMS

At earth lift-off, measured winds both at the 60-foot level and in
the region of maximum dynamic pressure indicate thsat structural loads
were well below the established limits. During the first stage of flight,
accelerations measured in the command module were nominal and similar
to those measured during Apollo 10. The predicted and calculated space-
craft loads at lift-off, in the region of maximum dynamic pressure, at
the end of first stage boost, and during staging are shown in table 8.1-I.

Command module accelerometer data indicate that sustained low-fre-
quency longitudinal oscillations were limited to 0.1%g during S-IC boost.
Structural loads during S-II and S-IVB boost, translurar injection, both

docking operations, all service propulsion maneuvers, 2nd entry were well
within design limits.

As with all other mechanical systems, the docking system performed
as required for both the translunar and lunar orhit docking events. The

following information concerning the two docking operatiors at contact
is based on crew comments:

Translunar Lunar orbit
Contact conditions docking docking
Axial velocity, ft/sec 0.1 to 0.2 0.1
Lateral velocity, ft/sec 0 0
Angular velocity, deg/sec 0 0
Angular alignment, deg 0 0
Miss distance, in. I 0




Jﬂwrp‘:‘mm et

8-2

The probe retract time for both events was between 6 and 8 seconds. Dur-
ing the gas retract phase of lunar orbit docking, the crew detected a
relative yaw misalignment that was estimated to have been as much as

15 degrees. See sections 4.15 and 5.7 for further discussion. The un-
expected vehicle motions were not precipitated by the docking hardware
and did net prevent accampliszhment of a successful hard dock. Computer
simulations of the lunar orbit docking event indicate that the observed
vehicle misalignments can be caused by lunar module plus X thrusting
after the command module is placed in an attitude-free control mode (see
section 8.6).
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8.2 ELECTRICAL POWER

8.2.1 Batteries

The bus voltages of the entry and pyrotechnic batteries were main-
tained at normal levels, and battery charging was nominal. All three
entry batteries contained the cellophane separators, whereas only bat-
tery B used this type of separator for Apollo 10. The improved perform-
ance of the cellophane separators is evident from voltage/current data,
which show, at a 15-~-ampere load, that the cellophane type batteries main-
tain an output 1 to 2 volts higher than the Permion-type batteries.

The only departure from expected performance was when battery A was
placed on main bus A for the translunar midcourse correction. During
this maneuver, normal current supplied by each battery is between 4 and
8 amperes, but current from battery A was initially 25 emperes and grad-
ually declined to approximately 10 amperes just prior to removal from the
main bus. This occurrence can be explained by consideration of two con-
ditions: (1) fuel cell 1 on main bus A had a lower (400° F) than average
skin temperature, causing it to deliver less current than usual; and (2)
battery A had been fully charged just prior to the maneuver. Both these

‘conditione, cambined to result in the higher than usual current delivery

by battery A. Performance was normal thereafter.

The total battery capacity was continuously maintained above 103 A-h
until separation of the command module from the service module.

8.2.2 TFuel Cells

The fuel cells and radistors performed satisfactorily during the
prelaunch and flight phases. All three fuel cells were activated 68 hours
prior to launch, and after a 3-1/2-hour conditioning load, they were
placed on open-circuit inline heater operation until 3 hours prior te
launch. After that time, the fuel cells provided full spacecraft power.

During the 195 hours of the mission, the fuel cells supplied approxi-
mately 393 kW-h of energy at an average spacecraft current of 68.7 amperes
(22.9 amperes per fuel cell) and an average command module bus voltage of
29.4 volts. The maximum deviation from equal load sharing between indi-
vidual fuel cells was an acceptable 4.5 amperes.

A1l thermal parameters, including condenser exit temperature, remained
within normal operating ranges and agreed favorably with predicted flight
values. The condenser exit temperature on fuel cell 2 fluctuated periodi-
cally every 3 to 8 minutes throughout the flight. This disturbance was
similar to that noted on all other flights and is discussed in more détail
in reference 3. The pericdic disturbance has been shown to have no effect
on fuel cell performance.




AR

S S S

. g .

e

gans

T

§
¥
v
1

8.3 CRYOGENIC STORAGE

The cryogenic storage system satisfactorily supplied reactants to
the fuel cells and metabolic oxygen to the environmental control system.
At launch, the total oxygen quantity was 615 pounds (79 pounds above the
minimum red-line limit), and the hydrogen quantity was 54.1 pounds (1.0
pound abeve the minimum red-line limit). The overall consumption sj'rom
the system was nominal during the flight.

During the flight, it was discovered that one heater in oxygen tank 2
was inoperative. Records show that it had failed between the times of the
countdown demonstration test and the actual countdown, and current meas-

urements indicate that the element had an open circuit. This anomaly is
discussed in detail in section 16.1.2.

8.4 VHF RANGING

The operation of the VHF ranging system was nominal during descent
and from lunar lift-off until orbital insertion. Following insertion,
& number of tracking dropouts were experienced. These dropouts resulted
from negative circuit margins caused by use of the lunar module aft VHF
antenna instead of the forward antenna. After the antennas were switched
VHF ranging operation returned to normal. A maximum range of 246 miles
was measured, and e comparison of the VHF ranging data with rendezvous
radar data and the predicted trajectory sh~wed very close agreement.

8.5 INSTRUMENTATION

The instrumentation system, including the data storage equipment,

the central timing equipment, and the signal conditioning equipment, sup-
ported the mission.,

The data storage equipment did aot operate during entry because the
circuit breaker was open. The circuit breaker which supplies ac power to
the recorder also controls operation of the S-band FM transmitter. Wwhen
the television camera and associated monitor were to be powered without
transmitting to a ground station, the circuit breaker was opened to dis-
able the S-band ™ transmitter. This breaker was inadvertently left open
after the last television transmission.
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At approximately 5 hours 20 minutes during a scheduled cabin oxygen
enrichment (see section 16.1.8), the oxygen flow-rate transducer indicated
a low oxygen flow rate. Comparison of the oxygen manifold pressure,
oxygen-flow-restrictor differential pressures, and cryogenic oxygen values
indicated that the flow-rate-transducer output calibration had shifted
downward. To compensate for the uncertainties associated with the oxygen
flow indications, cabin enrichment procedures ware extended from 8 hours

to 9 hours.

8.6 GUIDANCE, NAVIGATION, AND CONTROL

The command module guidance, navigaiion, and control system perform-
ance was satisfactory throughout the mission. Earth-launch, earth-orbit,
and translunar-injection monitoring functions were normal except that the
crew reported a 1.5-degree pitch deviation from the ex—ented flight di-
rector attitude indicator reading during the translunar injection maneu-
ver. The procedure was designed for the crew to align the flight direc-
tor attitude indicator/orbit-rate drive electronics assembly (ORDEAL) at
approximately 4 deg/min while the launch vehicle was maintaining local
vertical. One error of 0.5 degree is attributed to the movement of the
S-IVB while the flight director attitude indicator and the orbit-rate
drive electronics are being aligned. An additional 0,2-degree resulted
from an error in orbit-rate drive electronics initialization. Further,
the reading accuracy of the flight director attitude indicator is 0.25
degree. An additional source of error for Apollo 1l was a late trajec-
tory modification which changed the ignition attitude by 0.4 degree. The
accumulation of errors from these four sources accounts for the error
reported by the crew. The present procedure is considered adequate;
therefore, no change is being prepared for later missions.

8.6.1 Transposition and Docking

Two unexpected indications reported by the crew later proved to be
normal operation of the respective systems. The 180-degree pitch trans-
position maneuver was to be performed automatically under digital auto-
pilot control with a manually initiated angular rate., The crew reported
that each time the digital autopilot was activated, it stopped the manu-
ally induced rate and maintained a constant attitude. The cause of the
apparent discrepancy was procedural; although the digital autopilot was
correctly initialized for the maneuver, in each case the rotational hand
controller was moved out of detent prior to enabling the digital auto-
pilot. Normally, when the out-of-detent signal is received by the com-
puter, the digital autopilot is switched from an automatic to an attitude-
hold function until reenabled. After four attempts, the maneuver was
initiated properly and proceeded according to plan.
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The other discrepancy concerned the entry monitor system velocity
counter. The crew reported biasing the counter to minus 100 ft/sec prior
to separation, thrusting forward until the counter indicated 100.6, then
thrusting aft until the counter indicated 100.5. After the transposition
maneuver, the counter indicated 99.1, rather than the expected 100.5.

The cause of this apparent discrepancy was also procedural. The trans-
position maneuver was made at an average angular velocity of 1.75 deg/sec.
The entry monitor system is mounted approximately 12 feet from the center
of rotation. The resulting centripetal acceleration integrated over the
time necessary to move 180 degrees yields a 1.2-ft/sec velocity change
and accounts for the error observed. The docking maneuver following
transposition was normal, with only small transients.

8.6.2 Inertial Reference System Alignments
The inertial measurement unit was aligned as shown in table 8.6-I.
Results were normal and comparable to those of previous missions.
8.6.3 Translation Maneuvers
A summary of pertineut parameters for each of the service propulsion

maneuvers is contained in table 8.6-II. All maneuvers were as expected,
with very small residuals. Monitoring of these maneuvers by the entry

.monitor system was excellent, as shown in table 8.6-III. The velocity

initializing the entry monitor velocity counter prior to each firing is
biased by the velocity expected to be accrued during thrust tail-off.
When in control of a maneuver, the entry monitor issues an engine-off
discrete signal when the velocity counter reaches zero to avoid an over-
burn, and the bias includes an allowence for the predicted tail-off.

The crew was concerned with the duration of the transearth injection
maneuver, When the firing appeared to be approximately 3 seconds longer
than anticipated, the crew issued a manual engine-off command. Further
discussion of this problem is contained in section 8.8. The data indicate
that a computer engine-off discrete appeared simultaneously with actual
engine shutdown. Therefore, the manual input, which is not instrumented,
was either later than, or simultaneous with, the automatic command.

8.6.4 Attitude Control

All attitude control functions were sstisfactorily performed through-
out the mission. The passive thermal control roll maneuver was used dur-
ing translunar and transearth coast.
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After entry into lunar orbit, and while still in the docked config-
uration, the crew reported a tendency of the spacecraft to position itself
along the local verticel with the lunar module positioned down. This ef-
fect was apperently a gravity gradient torque, which can be as large as
0.86 ft-1b when the longitudinal axis of the vehicle is oriented 45 de-
grees from the local vertical. A thruster duty cycle of once every 15
to 18 seconds would be consistent with a disturbance torque of this mag-
nitude.

8.6.5 Midcourse Navigation

Midcourse navigation using star/horizon sightings was performed dur~
ing the translunar and transearth coast phases. The first two groups of
sightings, at 43 600 and 126 800 miles, were used to calibrate the height
of the horizon for updating the computer. Although several procedural
problems were encountered during early attempts, the apparent horizon
altitude was determined to be 25 kilometers. Table 6.6-IV contains a
synopsis of the navigation sightings performed.

8.6.6 Landmark Tracking

Landmark tracking was performed in lunar orbit as indicated in
table 8.6-V. The objective of the sightings was to eliminate part of
the relative uncertainty between the landing site and the command module
orbit and thus improve the accurecy of descent targeting. The sightings
also provided an independent check or. the overall targeting scheme. The
ritch technique provided spacecraft control while the sextant was in use.
The landmark tracking program was also used to point the optics in several
unsuccessful attempts to locate and track the lunar module on the lunar
surface (see section 5.5).

8.6.7 Entry

The entry was performed under automatic control as planned. No telem-
etry date are available for the period during blackout; however, all in-
dications are that the system performed as intended.

The onboard calculations for inertial velocity and flight-path angle
at the entry interface were 36 195 ft/sec and minus 6.488 degrees, respec-
tively, and compare favorably with the 36 194 ft/sec and minus 6.483 de-
grees determined from tracking. Figure 13-1 shows a summary of landing
point data. The onboard computer indicated a landing at 169 degrees
9 minutes west longitude and 13 degrees 18 minutes north latitude, or
1.69 miles from the desired target point. Since no telemetry nor radar
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was available during entry, a final evaluation of navigation accuracy
cannot be obtained. However, a simulated best estimate trajectory shows

a landing point 1.03 miles from the target and confirms the onboard solu-
tion. Indications are that the entry monitor system performed as intended.

8.6.8 1Inertial Measurement Unit Performance

Preflight performance of the inertial components is summarized in
table 8.6-VI. This table also shows the average value of the acceleromn-
; . eter bias measurements and gyro null bias drift measurements made in
+ flight and the accompenying updates.

The gyro drift compensation updates were not as successful as ex-
: pected, probably because of the change in sign of the compensation values.
: With the change in the torquing current, a bias difference apparently
- occurred as a result of residual magnetization in the torquer winding.
; The difference was small., however, and had no effect on the mission.

Figure 8.6-1 contains a comparison of velocity measured by the iner-
tial measurement unit with that from the launch-vehicle guidance system
during earth ascent. These velocity differences reflect the errors in
the inertial component compensation values. One set of error terms that

- would cause these velocity errors is shown in table 8.6-VII. The diver-
" \\\\\_ gence between the two systems is well within the expected limits and in-
e — dica&gs excellent performance, although & momentary saturation of the

laufich vehicle guidance system Y-axis accelerometer caused an initial

5 ft/sec error between the twn systems. The remainder of the divergence
in this axis was primarily caused by a misalignment during gyrocompassing
of the spacecraft guidance system. The 60-ft/sec out-of-plane velocity
error at insertion is equiv.lent to & misalignment of 0.11 degree; this
is corrobcrated by the Z-axu's gyro torquing angle calculated during the
initialloptical alignment in earth ortit.

¥ 8.6.9 Computer
é . The computer performed as intended throughcut the mission. A number

H of alarms occurred, but all were caused by procedural errors or were in-
: tended to caution the respective crewman.

8.6.10 Optics

Ty e st

The sextant and the scanning telescope performed normally throughout
the mission. After the coelliptic sequence maneuver, the Command Module
Pilot reported that, after selecting the rendezvous tracking program (P20),
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the optics had to be "zeroed" before automatic tracking of the lunar
module would begin. Data indicate that the optics mode switch was in
the "computer" position when the command module was set up for the con-
tingency mirror image coelliptic sequence maneuver. In this maneuver
program, the service propulsion engine gimbals are trimmed by the :om-
puter through the digital-to-analog converter outputs of the optics cou-
pling data units. These same converters are used to drive the optics
shaft and trunnion when the optics are in "computer" mcde. To avoid
driving the optics with a gimbal drive signal, or vice versa, the com-
puter issues discretes which enable or disable the appropriate output.
With the optics drive disengaged, the trunnion in this unit was observed
during preflight testing to drift toward the positive stop. The drift
is caused by an anti-backlash spring.

A register in the computer tracks trunnion position but is not large
enough to provide an unambiguous value for the full range of allowable
trunnion angles. Therefore, the register is biased to provide unambigu-
ous readouts for the normally used range of minus 10 degrees to plus
6L.7 degrees. In this case, the trunrion drifted beyond 64.7 degrees, the
register overflowed, snd the computer lost track of actual trunnion posi-
tion. When the automatic optics positioning routine was enterel after
selection of the rendezvous tracking program (P20), the computer drive
commands , based on the invalid counter contents, drove the trunnion to

the positive stop. Zeroing the sytem reestablished synchronization and
proper operation. )

8.6.11 Entry Monitor System

Operation of the entry monitor system was normal, although one seg-
ment on the electroluminescent numerical display for the velocity counter
tailed to operate during the mission (see section 16.1.4).
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TABLE 8.6-V.- LANDMARK TRACKING

hr?ml?rel:sec ide;‘tliufi'?iz}‘gion NH;IZ;ESOf Optics mode
82:43:00 | Al (altitude 5 Sextant, manual - resolved
landmark)
98:49:00 130 5 Sextant, manual - resolved
104:39:00 130 5 Sextant, manual - resolved
122:24:00 130 5 Sextant, manual - resolved
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TABLE 8.6-VII.- INERTIAL SUBSYSTEM ERRORS DURING LAUNCH

Error term

Uncompensat 4
ed error

One-sigma
specification

Offset velocity, ft/sec

Bias, cm/sec2- X .

-Y ..
-2 ...

Null bias drift, mERU

Acceleration drift,
mERU/g - X . . .

- ...
-2 .. .. .

Acceleration drift,
mERU/g - Y . . .

Acceleration drift,
mERU/g - X . . .
-Y ...

-2 ..

Uncorrelated platform misalignment about
Xaxis, arc seC « « « ¢ 4 ¢ « ¢ o o o &

Uncorrelated platform misalignment about
Y axis, Qre 8€C ¢ . 4 4 4 4o o ¢ e ¢ o o

4.2

-0.0LUE*
0.150%
0.001%

2.4
0.7%
-0.8%

-6.8
2.0
"007

-8.0

-2.3

*Averaged for entire flight.
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8.7 REACTION CONTROL

8.7.1 Service Module

Performance of the service module reaction control system was normal
throughout the mission., Total propellant consumed up to command module/
service module separation was 560 pounds, 30 pounds less than predicted.
During all mission phases, the system pressures and temperatures remained
well within their normal operating ranges.

At the time the command and service modules separated from the S-IVB,
the crew reported that the propellant isolation valve indicators for
quad B indicated the "barber-pole" position. This indication corresponds
to at least one primary and one secondary valve being in the closed posi-
tion. Twenty to thirty seconds after closure, the crew reopened the
valves according to checklist procedures, and no further problems were
experienced (see section 16.1.6).

8.7.2 Command Module

After commend module/service module separation, the crew reported
that the minus-yaw engine in system 1 was not responding properly to
firing commends through the automatic coils. Postflight data confirm
"that this engine produced very low, but detectable, thrust when the auto-
matic coils were activated. Also, the response to direct coil commands
was normal, which indicates that, mechanically, the two valves were oper-
ating properly end that one of the two valves was operating when the
automatic coils were energized. Postflight tests confirmed that an inter-
mittent circuit existed on a terminal board in the valve electronics.
Section 16.1.3 contains a discussion of this anomaly .

All measured system pressures and temperatures were normal through-
out the mission, and except for the problem with the yaw engine, both
systems operated as expected during entry. About 1 minute after command
module/service module separation, system 2 was disabled and system 1 was

used for entry control, as planned. Forty-one pounds of propellant were
used during entry.

8.8 SERVICE PROPULSION

Service propulsion system performance was satisfactory during each
of the five maneuvers, with a total firing time of 531.9 seconds. The
actual ignition times and firing durations are listed in table B8.6-IT.
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The longest engine firing was for 357.5 seconds during the lunar orbit
insertion maneuver. The fourth and fifth service propulsion firings were
preceded by a plus-X reaction control translstion to effect propellant
settling, and all firings were conducted under automatic control.

The steady-state performance during all firings was satisfactory.
The steady-state pressure data indicate essentially nominal performence;
however, the gaging system data indicate a mixture ratio of 1.55 rather
than the expected 1.60 to 1.61.

The engine transient performance during all starts and shutdowns
was satisfactory. The chamber pressure overshoot during the start of
the spacecraft separation maneuver from the S-IVB was approxim: tely
120 psia, which corresponds to the upper specification limit for starts
using only one bank of propellant valves. On subsequent firings, the
chamber pressure overshoots were all less than 120 psia. During the
separation firing, minor oscillations in the measured chamber pressure
were observed beginning approximstely 1.5 seconds after the initial firing
signal. However, the magnitude of the oscillations was less than 30 psi
(peak-to-peak), and by approximately 2.2 seconds after ignition, the cham-
ber pressure data were indicating normal steady-state operation.

The helium pressurization system functioned normally throughout the
mission. All system temperatures were maintained within their red-line
limits without heater operation. )

The propellant utilization and gaging system operated satisfactorily
throughout the mission. The mode selection switch for the gaging system
was set in the normal position for all service propulsion firings; as a
result, only the primary system data were used. The propellant utiliza~
tion valve was in the "normal" position during the separation and first
midcourse firings and for the first 76 seconds of the lunar orbit inser-
tion firing. At that time, the valve was moved to the "increase" position
and remained there through the first 122 seconds of the transearth injec-
tion firing. The valve position was ‘then .moved to "normal" for approxi -
mately 9 seconds and then to "decrease" for most of the remainder of the
transearth injection firing.

Figure 8.8-1 shows the indicated propellant unbalance, as computed
from the data. The indicated unbalance history should reflect the wun-
balance history displayed in the cabin, within the accuracy of the telem-
etry system. As expected, based on previous flights, the indicated un-
balance following the start of the lunar orbit insertion firing showed
decrease readings. The initial decrease readings were caused primarily
by the oxidizer level in the sump tank exceeding the maximum gageable
height. This condition occurs because oxidizer is transferred from the
storage tank to the sump tank as a result of helium absorption from the
sump tank ullage. This phenomenon, in combination with a known storage
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tank oxidizer gaging error, is known to cause both the initial decrease
readings and a step increase in the unbalance at crossover. The crew
were briefed on these conditions prior to flight and, therefore, expected
both the initial decrease readings and a step incresase at crossover of
150 to 200 pounds. When the unbalance started to increase (approach zero)
prior to crossover, the crew, in anticipation of the increase, properly
interpreted the unbalance meter movement as an indication of a low mixture
ratio and moved the pror:llant utilization valve to the "increase" posi-
tion. As shown in figure 8.8-1, the unbalance then started to decrease

in response to the valve change, and at crossover the expected step in-
crease did occur. At the end of the firing, the crew reported that the
unbalance was a 50-pound increase, which agrees well with the telemetered
data shown in figure 8.8-1. This early recognition of a lower mixture
ratio and the movement of the propellant utilitization valve to the "in-
crease" position during lunar orbit insertion resulted in a higher-than-

predicted average thrust for the firing and a duration of L.5 seconds less
than predicted.

The duration of the firing as determined by Missiou Control, was de-
creased to reflect the higher thrust level experienced on the lunar orbit
insertion firing. However, during the transearth injection firing, the
propellant utilization valve was cycled from the normal to the decrease
position two times. This resulted in less than the expected thrust and
consequently resulted in an overburn of 3.k seconds above the recalculsted
transearth injection firing prediction.

Preliminary calculations, which were based on the telemetered gaging
data and the predicted effects of propellant utilization valve position,
yielded mixture ratios for the "normsl" valve position of about 1.55. com-
pared to an expected range of 1.60 to 1.61. Less-than-expected mixture
ratios were also experienced during Apollo 9 and 10, and sufficient pre-
flight analyses were made prior to this flight to verify that the propel-
lant utilization and geging system was capable of correcting for mixture
ratio shifts of the magnitudes experienced. 'The reason for the less-than-

expected mixture ratios during the last three flights is still under in-
vestigation.

An abnormal decay in the secondary (system B) nitrogen pressure was
observed during the lunar orbit insertion service propulsion firing, in-
dicating a leak in the system which operates the engine upper bipropellant
valve bank. No further leakage was indicated during the remainder of the
mission. This anomaly is discussed in greater detail in section 16.1.1.
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8.9 ENVIRONMENTAL CONTROL SYSTEM

The environmental control system performed satisfactorily through-
out the mission and provided a comfortable environment for the crew and
adequate thermal control of spacecraft equipment.

8.9.1 Oxygen Distribution

The cabin pressure stabilized at 4.7 psia prior to translunar injec-
tion and returned to that value after initial lunar module pressurization.
Two master alarms indicating high oxygen flow occurred, however, during
lunar module pressurization when the oxygen flow rate was decreasing.

This condition was also experienced during ground testing. Postflight
analysis has shown that this condition was caused by & malfunction of
oxygen flow rate transducer (see section 16.1.5).

8.9.2 Particulate Back-Contamination Control

The command module oxygen systems were used for particulate lunar
surface back-contamination control from final command module docking
until earth landing.

At about 128 hours, the oxygen “low rate was adjusted to an indi-
cated reading of approximately 0.6 .»/hr to establish a positive differ-
ential pressure between the two vehicles, causing the cabin pressure to
increase to about 5.4 psia. The oxygen purge was terminated at 130 hours
9 minutes following the command module tunnel hatch leak check.

8.9.3 Thermal Control

The primary coolant system provided adequate thermal control for
crew comfort and spacecraft equipment throughout the mission. The sec-
ondary coolant system was activated only during redundant component checks
and the earth entry chilldown. The evaporators were not activated dur—

ing lunar orbit coast, since the radiators provided adequate temperature
cantrol.

At 105 hours 19 minutes, the primary evaporator outlet temperature
had dropped to 31.5° F. Normally, the temperature is maintained above
42° F by the glycol temperature control valve during cold tempersature
excursions of the radiator. This discrepancy is discussed in sec-
tion 16.1.10.




8.9.4 Water Management

Gas in the spacecraft potable water has been a problem on all manned
Apollo flights. On this mission, a two-membrane water/gas separator was
installed on both the water gun and the outlet at the fcod preparation
unit. The separators allow only gas to pass through one membrane into
the cabin atmosphere, while the second membrane passes only gas-free
water to the outlet port for crew consumption. The crew indicated that
performance of the separstors was satisfactory. Water in the food bags
and from the water pistol was nearly free of gas. Two interface problems
were experienced while using the separators. There is no positive lock
between the water pistol and the inlet port of the separator; thus, oc-
casionally the separator did not remain in place when used to fill a food
bag from the water pistol. Also, the crew commented that some provision
for positively retaining the food bag to the separator outlet port woull
be highly desirable. For future spacecraft, a redesign of the separator
will provide positive locking between the water pistol and the inlet port
of the separator. Also, a change has been made in the separator outleu
probe to provide an improved interface with the food bag.

8.10 CREW STATION

The displays and controls were adequate except the mission ¢lock in
the lower equipment bay ran slow, by less than 10 seconds over a 2U-hour
period, as reported by the crew. The mission clocks have & history of
slow operation, which has been attributed to electromagnetic interference.
In addition, the glass face was found tu be cracked. This has also been
experienced in the past and is caused by stress introduced in the glass
during the assembly process.

The lunar module mission clock is identical to the command module
clock. DBecause of the lunar module clock problem discussed in section
16.2.1, an improved-design timer is being procured and will be incorpo-
rated in future command modules.

8.11 CONSUMABLES

The predictions for consumables usage improved from mission to mis-
sion such thet for the Apollo 11 mission, all of the command and service

module consumable quantities were within 10 percent of the preflight es-
timates.




8-25

8.11.1 Service Propulsion Propellant

The service propulsion propellant usage was within 5 percent of the
preflight estimate for the mission. The deviations which were experienced
have been attributed to the variations in firing times (see section 8.8).
In the following table, the loadings were calculated from gaging system
readings and measured densities prior to lift-off.

Actual usage, 1b Preflight
Conditions planned
Fuel Oxidizer | Total usage, 1lb
Loaded
In tanks 15 633 24 967
In lines 79 124
Total 15 712 25 091 Lo 803 Lo 803
Consumed 13 754 21 985 35 739 36 296
Remaining at commend - 1 958 3 106 5 064 4 507
module/service module
separation

8.11.2 Reaction Control Propellant

Service module.~- Reaction control system propellant usage predictions
and flight data agreed within 5 percent. Usage was higher than expected
during transposition and docking and the initial set of navigational sight-~
ings. This was balanced by efficient maneuvering of the command and serv-
ice modules during the rendezvous sequence, in which the propellant con-
sumption was less than predicted. The usages listed in the following
table were calculated from telemetered helium tank pressure data using
the relationship between pressure, volume, and temperature.
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Actual usage, 1b Preflight
Condition planned
Fuel |Oxidizer | Total | usage, 1lb
Loaded
Quad A 110 225
! Quad B 110 225
Quad C 110 225
Quad D 110 225 1
Total Lo 900 1340 13k2 ?
Consumed 191 369 560 590 .
Remaining at command mod- 2k9 531 780 752
ule/service module sepa-
ration

Command module.- Command module reaction control system propellant
usage predictions agreed with actual usage quantities within 5 percent.
The usages listed in the following table were calculated from pressure,
volume, and temperature relationships.

Actual usage, 1lb Preflight
Condition planned

Fuel |Oxidizer | Total | usage, 1b

Loaded
System A kL .8 78.4
System B Lk 78.3
Total 89.2 156.7 | 245.9 2h5.0 o
Consumed
System A 15.0 26.8 .
System B 0.0 0.0
Total 15.0 26.8 40.8 39.3
Remaining at main parachute
: deployment
: System A 30.8 51.6
System B bi 4 78.3

Total 75.2 129.9 205.1 205.7

S S A
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8.11.3 Cryogenics

The oxygen and hydrogen usages were within 5 percent of those pre-
dicted. This deviation was caused by the loss of an oxygen tank heater
element, plus & reduced reaction control system heater duty cycle. Usages
listed in the following table are based on the electrical power produced
by the fuel cells.

Hydrogen usage, 1b | Oxygen usage, 1b

Condition
Actual Planned Actual Planned

Available at lift-off

Tank 1 27.3 300.5

Tank 2 26.8 31k4.5

Total 54.1 56.4 615.0 634.7
Consumed

Tank 1 17.5 17L4.0

Tank 2 : 17.4 180.0

Total 3k.9 36.6 354.0 371.1

Remaining at command module/
service module separation

Tank 1 9.8 126.5
Tank 2 9.4 13L.5
Total 19.2 19.8 261.0 263.6

8.11.4 Water

Predictions concerning water consumed in the commend and service
modules are not generated for each mission because the system has an ini-
tial charge of potaeble water at lift-off, plus additional water is gene-
rated in the fuel cells in excess of the demand. Also, water is dumped
overboard and some is consumed. The water quantities loaded, consumed,
produced, and expelled during the mission are shown in the following
table.
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Condition

Quantity, 1b

Loaded
Potable water tank
Waste water tank

Produced inflight
Fuel cells
Lithium hydroxide, metabolic

Dumped overboard (including urine)

Evaporated up to command module/service
module separation

Remaining at command module/service
module separation

Potable water tank

Waste water tank

31.7
28

315

NA

325.7
8.7




9.0 LUNAR MODULE PERFORMANCE

This section is a discussion of lunar module systems performance.
The significant problems are described in this section and are discussed
in detail in section 16, Anomaly Summary.

9.1 STRUCTURAL AND MECHANICAL SYSTEMS

No structural instrumentation was installed on the lunar module;
consequently, the structural performance evaluation was baszd on lunar
module guidance and control data, cabin pressure data, command module
acceleration data, photographs, and analytical results.

Based on measured command module accelerations and on simulations
using measured wind data, the lunar module loads are inferred to have
been within structural limits during the S-IC, S-II, and S-IVB launch
phase firings, and the S-IVB translunar injection maneuvers. The loads

during both dockings were also within structural limits.

Command module accelerometer data show minimal structural excitation
dQuring the service propulsion maneuvers, indicating that the 1unar module
loads were well within structural limits.

The structural loading environment during lunar landing was evalu-
ated from motion picture film, still photographs, postflight landing simu-
lations, and crew comments. The motion picture film from the onboard cem-
era showed no evidence of structural oscillations during landing, and crew
comments agree with this assessment. Flight data from the guidance and
propulsion systems were used in conducting the simulations of the landing
(see section 5.4). The simulations and photographs indicate that the
landing gear strut stroking was very small and that the external loads
developed during landing were well within design values.

9.2 THERMAL CCNTROL

The lunar module internal temperatures at the end of translunar
flight were nominal and within 3° F of the launch temperatures. During
the active periods, temperature response was normal and all antenna tem=
peratures were within acceptable limits.

The crew inspected the descent stage thermal shielding after lunar
landing and observed no significant damage.
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9.3 ELECTRICAL POWER

The electrical power system performed satisfactorily. The dc bus
voltage was maintained above 28.8 volts throughout the flight. The max-
imum observed load was 81 amperes, during powered descent initiation.
Beth inverters performed as expected.

The knob on the ascent engine arm circuit breaker was broken, prob-
ably by the aft edge of the oxygen purge system hitting the breaker dur-
ing preparations for extravehicular activity. In any event, this circuit
breaker was closed without difficulty when required prior to ascent (sec-
tion 16.2.11).

At staging, the descent batteries had supplied 1055 A-h of a nominal
total capacity of 1600 A-h. The difference in load sharing at staging
was 2 A-h on batteries 1 and 2 and 23 A-h on batteries 3 and 4, and both
of these values are acceptable,

At lunar module Jettison, the two ascent batteries had delivered
336 A-h of a nominal total capacity of 592 A-h. The ascent batteries
continued to supply power, for a total of 680 A-h at 28 V dec or above.

9.4 COMMUNICATIONS EQUIPMENT

Overall performance of the S-band steerable antenna was satisfactory.
Some difficulties were experienced, however, during descent of the lunar
module. Prior to the scheduled 180-degree yaw maneuver, the signal
strength dropped below the tracking level and the antenna broke lock sev-
eral times. After the maneuver was completed, new look angles were set
in and the antenna acquired the uplink signal and tracked normally until
landing. The most probable cause of the problem was a combination of
vehicle blockage and multipath reflections from the lunar surface, as
discussed in section 16.2.l4.

During the entire extravehicular activity, the lunar module relay
provided good voice and extravehicular mooility unit data. Occasional
breakup of the Lunar Module Pilot's voice occurred in the extravehicular
communications system relay mode. The most probable cause was that the
sensitivity of the voice-operated relay of the Commander's audio center
in the lunar module was inadvertently set at less than maximum specified.
This anomaly is discussed in section 16.2.8.

Also during the extravehicular activity, the Network received an
intermittent echo of the uplink transmissions. This was most likely
caused by signal coupling between the headset and microphone. A detailed
discussion of this ancmaly is in section 16.2.9.
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After crew ingress into the lunar module, the voice link was lost
when the portable life support system antennas were stowed; however, the
data from the extravehicular mobility unit remained good,

Television transmission was good during the eutire extravehicular
activity, both from the descent stage stowage unit and from the tripod
on the lunar surface. Signal-to-noise ratios of the television link

were very good. The television was turned off after 5 hours 4 minutes
of continuous oreration.

Lunar module voice ana data communications were normal during the
lift-off from the lunar surface. The steerable antenna maintained lock
and tracked throughout the ascent. Uplink signal strength remained
stable at approximately minus 88 dBm.

9.5 INSTRUMENTATION

Performance of the operational instrumentation was satisfactory
with the exception of the data storage electronic assembly (onboard voice
recorder). When the tape was played, no timing signal was evident and
voice was weak and unreadable, with a 4OO-hertz hum and wideband noise
background. For further discussion of this anomaly, see section 16,2.10.

9.6 GUIDANCE AND CONTROL

9.6.1 Power-Up Initialization

The guidance and control system power-up sequence was nominal except
that the crew reported an initial difficulty in aligning the sbort guid-
ance system. The abort guidance system is aligned in flight by tresnsfer-
ring inertial meas.rement unit gimbal angles from the primary guidance
system, and from these angles establishing a direction cosine matrix.
Prior to the first alignmert after activation, the primary system cou~
pling data units and the abort system gimbal angle registers must be
zeroed to insure that the angles accurately reflect the platform atti-
tude. Failure to zero could cause the symptoms reported. Another pos-
sible cause is an incorrect setting of the orbital rate drive electronics
(ORDEAL) mode switch. If this switch is set in the orbital rate position,
even though the orbital rate drive unit is powered down, the pitch atti-
tude daisplayed on the flight director attitude indicator will be offset
by an amount corresponding to the orbital rate drive resolver. No data
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are available for the alignment attempt, and no pertinent information is
contained in the data before and after the occurrence. Because of the
success of all subsequent alignment attempts, hardware and software mal-
functions are unlikely, and a procedural discrepancy is the most probable
cause of the difficulty.

9.6.2 Attitude Reference System Alignments

Pertinent data concerning each of the inertial measurement unit
alignments are contained in table 9.6-I. The first alignment was per-
formed before undocking, and the command module platform was used as a
reference in correcting for the measured 2.05-degree misalignment of the
docking interface. After undocking, the aligrment optical telescope was
used to realign the platform to the same reference, and a misalignment
equivalent to the gyro torquing angles shown in table 9.6-I was calculat-
ed. These angles were well within the go/no-go limits established pre-
flight.

After the descent orbit insertion maneuver, an alignment check was
performed by making three telescope sightings on the sun. A comparison
was made between the actual pitch angle required for the sun marks and
the angle calculated by the onboard computer. The results were well
within the allowable tolerance and again indicated a properly function-
ing platform. ’

The inertial measurement unit was aligned five times while on the
lunar surface. All three alignment options were successfully utilized,
including an alignment using a gravity vector calculated by the onboard
accelerometers and a prestored azimuth, one utilizing the two vectors
obtained from two different star sightings, and one using the calculated
gravity vector and a single star sighting to determine an azimuth.

The Lunar Module Pilot reported that the optical sightings associ-
ated with these alignments were based on a technique in which the average
of five successive sightings was calculated by hand and then inserted
into the computer. An analysis of these successive sightings indicated
that the random sighting error was very small and that the only signif-
icant trend observed in the successive sightings was lunar rate.

The platform remained inertial during the 17.5-hour period between
the thira and fourth alignments. Because both of these alignments were
to the same orientation, it is possible to make an estimate of gyrc drift
while on the lunar surface. Drift was calculated from three sources:
the gyro torquing angles, or misalignment, indicated at the second align-
ment; the gimbal angle change history in comparison to that predicted
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from lunar rate; and the comparison of the actual gravity tracking his-
tory of the onboard accelerometers with that predicted from lunar rate.
The results (table 9.6-II) indicate excellent agreement for the granu-
larity of the data utilized.

The abort guidance system was aligned to the primary system at least
nine times during the mission (table 9.6-III). The alignment accuracy,
as determined by the Euler angle differences between the primary and
abort systems for the eight alignments available on telemetry, was within
specification tolerances. In addition, the abort guidance system was in-
dependently aligned three times on the lunar surface using gravity as
determined by the abort system accelerometers and an azimuth derived from
an external source. The resulting Euler angles are shown in table 9.6-IV.
A valid comparison following the first alignment cannot be made because
the abort guidance system azimuth was not updated. Primary guidance align-
ments following the second alignment were incompatible with the abort. guid-
ance system because the inertial measurement unit was not aligned to the
local vertical. A comparison of the Euler angles for the third alignment
indicated an azimuth error of 0.08 degree. This error resulted from an
incorrect azimuth value received from the ground and loaded in the abort
guidance system manvally. The resulting 0.08-degree error in azimuth
caused an out-of-plane velocity difference between the primary and abort
systems at insertion (see section 5.6).

9.6.3 Translation Maneuvers

All translation maneuvers were performed under primary guidance
system control with the abort guidance system operating in a monitor
mode. Significant parameters are contained in table 9.6-V. The dynamic
response of the spacecraft wes nominal during descent and ascent engine
maneuvers, although the effect of fuel slosh during powered descent was
greater than expected based on preflight simulations. Slosh oscillations
became noticeable after the 180-degree yaw maneuver and gradually in-
creased to the extent that thruster firings were required for damping
(fig. 5-11). The effect remained noticeable and significant until after
the end of the braking phase when the engine was throttled down to begin
rate-of-descent control. The slosh response has been reproduced post-
flight by making slight variations in the slosh model damping ratio.

The ascent maneuver was nominal with the crew again reporting the
vallowing tendency inherent in the control technique used. As shown in
table 9.6-V, the velocity at insertion was 2 ft/sec higher than planned.
This has been attributed to a difference in the predicted and actual taill-
off characteristics of the engine.
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The abort guidance system, as stated, was used to monitor all pri-
mary guidance system maneuvers. Performance was excellent except for
some isolated procedural problems. The azimuth misalignment which was
inserted into the abort guidance system prior to lift-off and which con-
tributed to the out-of-plane error at insertion is discussed in the pre-
vious section. During the ascent firing, the abort guidance system
velocity-to-be-gained was used to compare with and to monitor the primary
system velocity to be gained. The crew reported that near “he end of the
insertion maneuver, the primary and abort system displays differed by 50
to 100 ft/sec. A similar comparison of the reported varameter differences
has been made postflight and is shown in figure 9.6-1. As indicated, the
velocity difference was as large as 39 ft/sec and vas caused by the time
synchronization between the two sets of data not being precise. The cal-
culations are made and displayed independently by the two computers, which
have outputs that are not synchronized. Therefore, the time at which a
given velocity is valid could vary as much as L4 seconds between the two
systems. Both systems appear to have operated properly.

Performance of the abort guidance system while monitoring rendezvous
maneuvers vas also satisfactory, although residuals after the terminal
phase initiaticn maneuver were somewhat large. The differences were
caused by a 23-second late initiation of the maneuver and relatively
large attitude excursions induced because of the incorrect selectin of
wide deadband in the primary system. The desired velocity vector in the
abort guidance system is chosen for a nominal time of rendezvous. If the
terminal phase initiation maneuver is begun at other than this time and
the abort system is nol retargeted, the maneuver direction and magnitude
will not be correct.

9.6.4 Attitude Control

The digital autopilot was the primary source of attitude control
during the mission and performed as designed. One procedural discrepancy
occurred during the 180-degree yaw maneuver after the start of powered
descent. This maneuver was performed manually using the proportional rate
output of the rotational hand controller. Because a low rate scale vas
erroneously selected for display, the maneuver was begun and partially
completed at less than the desired rate of 10 deg/sec. Continuing the
maneuver on the lov rate scale would have delayed landing radar acquisi-
tion. After the problem vas recognized, the high rate scale vas selected,
and the maneuver vas completed as planned. The abort guidance system vas
used just prior to the second docking. Performance was as expected; how-
ever, some difficulty was experienced during the docking (see section 5.7).
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9.6.5 Primary Guidance, Navigation, and Control System Performance

The inertial measurement unit was replaced 12 days before launch and
exhibited excellent performance throughout the mission. Table 9.6-VI
contains the preflight history of the inertial components for the inertial
measurement unit. The accelerometer bias history is shown in table 9.6-VII,
An accelerometer bias update was performed prior to undocking, with results
as shown.

Visibility in orbit and on the lunar surface through the alignment
optical telescope was as expected. Because of the relative position of
the earth, the sun, and reflections off the lunar surface, only the left
and right rear telescope detent positions were ussble after touchdown.
Star recognition and visibility through these detents proved to be ade-
quate. The sun angle had changed by the time of lift-off, and only the
right rear detent was usable. This detent proved sufficient for pre-
lift-off alignments (see section 5.6).

The lunar module guidance computer performed as designed, except for
a aumber of unexpected alarms. The first of these occurred during the
power-up sequence when the display keyboard circuit bresker was closed
and a 520 alarm (RADAR RUPT), which was not expected at this time, was
generated. This alarm has been reproduced on the ground and was caused
by a random setting of logic gates during the turn-on sequence. Although
this alarm has a low probability of occurrence, it is neither abnormal
nor indicative of a malfunction.

The Executive overflow alarms that occurred during descent (see sec-
tion 5.3) are now known to be normal for the existing situation and were
indicative of proper performance of the guidance computer. These alarms
are discussed in detail in section 16.2.6.

9.6.6 Abort Guidance System Performance

Except for procedural errors which degraded performance to some
extent, all required functions were satisfactory. Eight known state
vector transfers from the primary system were performed. The resulting
position and velocity differences for three of the transfers are shown
in table 9.6-VIII. With the exception of one which was invalid because
of an incorrect K-factor used to time-synchronize the system, all state
vector updates were accomplished without difficulty.

The preflight inertial component test history is shown in table 9.6-IX.
The inflight calibration results were not recorded; however, just prior
to the inflight calibration (before loss of data), the accelerometer biases
vere calculated from velocity data and the known computer compensations.
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The shift between the pre-installation calibration data and the flight
measurements were as follows. (The capability estimate limits are based

on current 3-sigma capebility estimates with expected measurement errors
included. )

Accelerometer bias, ug

Accelerometer | Pre-installation Freefall 48-day | Capability
calibration
(June 6. 1969) (July 20, 1969) | shift | estimate

1 -65 -66 185
-17 -1 -24 185
-66 -84 -18 185

When telemetered data were regained after the inflight calibration and
after powered ascent, excellent accelerometer stability was indicated as
follows. (The capability estimate limits are based upon current 3-sigma
capability estimates with expected measurement errors included.)

Accelerometer bias, ug

Accelerometer

Capability
Before descent | After ascent Shift estimate

-34 -62 -28 60
=27 -31 -4 60
L -62 -21 60

Inflight calibration data on the gyros were reported and two lunar sur-
face gyro calibrations were performed with the following results. The

degree of stability of the instruments was well within the expected
values .
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Gyro drift, deg/hr

on July 21, 1969

X I 2

Pre-irstallation calibration +0.27 +0.03 +0.41
on Sune 2, 1969

Firal earth prelaunch calibration +0.10 -0.13 +0.35
on June 28, 1968

Inflight calibration +0.33 -0.07 +0.38
on July 20, 1969

First lunar surface calibration +0.34 -0.08 +0.47
on July 21, 1969

Second lunar surface calibration +0.41 -0,0L +0.50

The only hardware discrepancy reported in the abort guidance system
was the failure of an electroluminescent segment in one digit of the data
entry and display assembly. This is discussed in detail in section 16.2.7.
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TABLE 9.6-II.- LUNAR SURFACE GYRO DRIFT COMPARISON

Gyro drift, deg

Aot co?ﬁ:t?;5$§t- Gimbal angle change Computed from gravity
X 0.699 0.707 0.413
-0.696 -0.73 -0.76
0.628 0.623 1.00

TABLE 9.6-III.- GUIDANCE SYSTEM ALIGNMENT COMPARISON

Indicated difference, gimbal
Time, minus abort electronics, deg
hr:min:sec
X Y Z
Lunar Surface
102:52:01 -0.0081 0.0066 0.0004
103:15:29 -0.0161 =0.0271 0.0004
103:50:29 -0.0063 -0.0015 0.0028
122:36:00 -0.0166 -0.0025 0.0028
122:53:00 -0.0152 -0.0071 -0.0012
122:54:30 -0.00T1 -0.0101 -0.0012
Inflight
100:56:20 -0.0019 -0.0037 0.0067
126:11:56 -0.0369 0.0104 -0.0468

G ITTS




' TABLE 9.6-IV.- LUNAR SURFACE ALIGNMENT COMPARISON

Angle Abort guidance Primary guidance Difference
Yaw, deg 13.3194 13.2275 0.0919
Pitch, deg 4. hok1 4.4055 -0.0014
Roll, deg 0.5001 0.4614 0.0387




TABLE 9.6-V.« LUSAR MODULE MANEUVER SUMMARY

Maneuver

: Deacent orbit Powered descent Coelliptic se- Constant differ- | Terminal phase
Conditicn insertion in{tiation Ascent quence initistion | ential height initiatior

PGNCS/DPS PGNCS/DPS PGNCS/APS PGNCS/RCS PGRCS/RCS PGNCS/RCS

Time
Ignition, hr:min:sec 101:36:14% 102:33:05.01 124:22:00.79 1.2‘5:1.9:35a 126:17:49.6 127:63:
Cutof?, hrimin:sec 101:36:44 102:45:42.40 124:29:15.67 125:20:22 126:18:29.2 127:0
Duration, sec 30.0 756.39 h34.88 47.0 17.8 22.7

Velocity, ft/sec 6775

(desired/actual} total

X -15.8/ (b) 9T1.27/971.32 “1.5/ (v) 2.04/2.05 -20.70/-20.62

¥ 0.0/ (b) 0.22/0.18 1.0/ (b) 18.99/18.85 -13.81/-1%.10

z +9.8/ (v) 5550.05/5551. 57 o/ (v} 6.6/6.17 -4,19/-4.93

Coordinate system Local vertical Stable platform | iocal vertical Earth-centered Earth-centered
inertial inertial

Velocity residual after
trimming, ft/sec

Not applicable 0.h .. ~0.2

-1.0 C.0

+1.4 R ~0.1

Gimbal drive actuator, in. Not appliceble Not spplicable Not applicable Not applicable
Initial
Pitch
Roll
Maximum excursion
Pitch
Roll
Steady-state
Pitch
Roll

rate excursion, deg/sec

BEeport ed by crew.

bt:c data available.

PGHCS - Primary guidance, navigation, and control system; DPS - Descent propulsion system; APS - Ascent prcpulsion system,
RCE ~ Reaction control system.

Rendezvous zaneuvers after terminal phase initiation are reported in 3ection 5 and are based on crew reports.

Ignition and cutoff times are those commanded by the computer.




TABLE 9.6-VI.- INERTIAL COMPONENT PREFLIGHT HISTORY - LUNAR MODULE

Error Sample | Standard No. of Countdown | Flight
mean deviation samples value load
Accelerometers
Scale factor error, ppm . . . . . =155 111 -237 ~270
Bias, cm/sec2 e e e e e e e e 0.60 0.09 0.70 0.66
Scale factor error, ppm . . . . . -1156 11 -1164 ~-1150
Bias, cm/sec2 e e e e e e e e 0.08 0.04 2 0.05 0.10
Scele factor error, ppm . . . . . 549 T2 -600 -620
Bias, cm/sec2 e e e e e e e e 0.14 | 0.12 0.22 0.20
Gyroscopes
Null bies drift, mERU . . ., . . . -1.5 1.h4 3 -1.3 -1.6
Acceleration drift, spin reference
axis, mERU/g . . . . . . . . . 5.7 0.0 2 5.7 6.0
Acceleration drift, input axis,
mERU/g . . . . . . ... .. 12.8 3.5 2 15.2 10.0
Null bias drift, mERU . . . . . . 3.0 1.6 3 1.3 3.8
Acceleretion drift, spin reference
axis, mERU/g . « . . . . . . . ~b4.0 1.4 2 -3.1 -5.0
Acceleration drift, input axis,
mERU/E « « « « v v e e e . -2.3 6.1 2 2.0 3.0
Null bias drift, mERU . . . . 4.1 0.€ 3 3.5 bk
Acceleration drift, spin reference
axis, »ERU/g . « « « « . . . . =b.7 0.4 2 =k -5.0
Acceleration drift, input axis,
mERU/g .« « o . ... » e -3.3 T.7 2 -3.8 -3.0
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TABLE 9.6-VII.- ACCELEROMETER BIAS FLIGHT HISTORY

wRe A

Bias, cm/ sec2
Condition
X Y Z
X Flight load +0.66 +0.10 +0.20
: Updated value +0.66 +0.04 +0.03

Flight average before update +0.63 +0.04 +0.03

Flight average after update +0.67 +0.07 -0.01

vy
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TABLE 9.6-VIII.-

ABORT GUIDANCE STATE VECTCR UPDATES

Time,

Abort minus primary guidance

hr:min:sec

Position, ft

Velocity, ft/sec

122:31:02
124 :09:12
126:10:14

-137.6
-177.6

-301.3

0.05
-0.15
~2.01
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TABLE 9.6-IX.- AEORT GUIDANCE SYSTEM PREINSTALLATION CALIBRATION DATA

Sample Standard Number Final cali- Flight compensa-
Accelerometer bias mean, deviation, of bration value, tion value,
ug ug samples ug ug
X ~53 L2 15 1 0
Y -22 9 15 =17 ~23.7
Z -79 a2 15 -66 ~71.2
Standard Number Final cali- Flight compensa-
Accelerometer scale factor deviation, of bration value, tion value,
Ppm samples ppm PP
b 9 =430 -463.5
28 9 324 299.5
12 9 1483 1453.4
Sample Standard Number Final cali=- Flight load
Gyro scale factor mean , deviation, of bration value, value,
deg/hr deg/hr samples deg/hr deg/hr
X -1048 =10 15 -1048 -1048
-300 -7 15 =285 -285
Z 3456 16 15 3443 3Lk43
Sample Standard Number Final cali- Flight load
Gyro fixed drift mean, deviation, of bration value, value,
ppm ppn samples Ppa Ppm
0.33 0.05 15 0.27 0.27
0.0k 0.05 15 0.03 0.03
0.51 0.07 15 0.b1 0.k
Sample Standard Number Final cali- Flight load
Gyrﬁnzﬁzn::“ nass mean, deviation, of tration value, value,
deg/hr/g deg/hr/g samples deg/hr/g deg/hr/g
X ~0.67 0.12 15 -0.65 -0.65
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Figure 9.6-1.- Comparison of primary guidance and abort guidance
system velocities during final phase of ascent.




[p—

9-19
9.7 REACTION CONTROL

Performance of the reaction control system was satisfactory. The
system pressurization sequence was nominal, and the regulators maintained
acceptable outlet pressures (between 178 and 184 psia) throughout the
mission.

The crew reported thrust chamber assembly warning flags for three
engine pairs. The A2 and A4 flags occurred simultaneocusly during lunar
module station-keeping prior to descent orbit insertion. The Bb flag
appeared shortly thereafter and also twice just before powered descent
initiation. The crew believed these flags were accompanied by master
alarms. The flags were reset by cycling of the caution and warning elec-
tronics circuit dbreaker. See section 16.2.14 for further discussion.

The chamber pressure switch in reaction control engine B1D failed
closed approximately 8.5 minutes after powered descent initiation. The
switch remained closed for 2 minutes 53 seconds, then opened and func-
tioned properly for the remainder of the mission. The failure mode is
believed to be the same as that of pressure switch failures on Apollo 9
and 10; that is, particulate contamination or propellant residue holding
the switch closed. The only potential consequence of the failure would
have been the inability to detect an engine failed "off."

A master alarm was noted at 126:44:00 when seven consecuti<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>